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Abstract

With the dramatic increase in electricity demand and the need to tackle climate change
by reducing greenhouse gas emissions such as CO,, renewable generation has been
increased in recent years in power systems. However, highly integrating renewable
generation in distribution systems raises several issues and challenges that need to be

addressed and some of these issues are investigated in this thesis.

This research focuses on investigating the fault ride through, the system transient
stability, the system frequency response and the grid power factor of distribution
systems with high renewable energy penetration based on wind and solar-photovoltaic
(PV). Several proposed control techniques for wind generators and PVs are introduced
in this research to solve these issues and mitigate the negative impact of these units on
distribution systems. A modified control system of DGs based on wind and PV in
different distribution systems is used to help to ride through faults and meet the low
voltage ride through (LVRT) grid code requirements for voltage recovery. A three
phase two stage transformerless PV grid connected system is proposed with a new
technique to ride through faults and protect the power electronic converters. A DC
chopper is added to the DC link of wind generators to enable wind generating units to
ride through faults and protect their converters from overvoltages. The Transient
Stability Index method is used to assess the impact of such renewable sources on the
system transient stability of various distribution networks. Different frequency control
methods published in literature are used for various DGs based on wind and PV to
investigate the frequency response of different distribution networks with high
renewable energy penetration, and a new frequency control technique is proposed for
wind generators based on Doubly Fed Induction Generator (DFIG) to improve the
system frequency response. The impact of high renewable energy penetration based
on wind and PV with different power factor settings on grid power factor of various
distribution systems is discussed in this research. A three phase two stage
transformerless PV grid connected system with reactive power capability is proposed
to operate under different solar irradiance conditions and improve the utility grid
power factor. Simulation results validate the proposed systems in various distribution

systems, including IEEE 13 bus, IEEE 37 bus and IEEE 123 bus systems.
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CHAPTER 1 Introduction
1.1 Background

In recent years, electricity demand has increased dramatically in response to population
and economic growth and it rapidly fluctuates in the short term in response to weather
conditions and business cycles [1]. Long term forecasts show that electricity demand will
continue to increase and satisfying future demand for electricity is therefore a significant
and worldwide concern [2]. In general, fossil fuels have been used considerably as primary
electricity generation sources to supply demand. However, these sources of energy
produce greenhouse gas emissions that can affect the environment and future generations
[3, 4]. Reducing greenhouse gas emissions is a global environmental concern and several
countries have agreed to the Kyoto Protocol [5]. European countries, for instance, have
set a target to decrease greenhouse gases by the year 2050 by 85-90 % compared to 1990
[6]. Due to the fast increase of electricity demand and the deficiency of fossil fuels such
as petroleum products, renewable energy sources such as wind and solar have been utilised
considerably in power systems as alternative sources of energy. Indeed, there has been a
substantial interest in generating electric power using renewable resources in recent years
due to their capability to reduce greenhouse gas emissions such as carbon dioxide (CO2)
and tackle climate change [7-10]. Increasing the share of renewable energy sources in the
entire energy system boosts sustainability and renewable generating units are also
becoming economically competitive compared to conventional energy sources in the long
term. Greater use of renewable energy sources in power systems can also contribute to

reducing the uncertainties associated with fossil fuels.

According to the International Energy Agency (IEA), 57 % to 71 % of global electricity
will be supplied by renewable energy sources by the year 2050 for the “sustainable future”
scenario [11]. In Europe, renewable power generation has increased rapidly in the last
decade and it is expected to increase steeply in the next decade, as illustrated in Figure
1.1. Electricity production from fossil fuels and nuclear power plants is also expected to

decrease in European countries in the next decade. Generation of electricity from



renewable energy sources has grown dramatically in the UK in the last few years, as

shown in Figure 1.2.
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Figure 1.1: Outlook of power generation by fuel type in Europe to 2030 (RES:
Renewable Sources) [12].
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Figure 1.2: Renewable energy generation in the UK, country by country, from 2003 to
2013 [13].



In addition, massive changes to power system structures have been observed since
electricity deregulation began in the late 1980s. Restructuring of electricity industries is
very complicated and depends on the various polices and regulations linked to national
energy strategies. Deregulating and privatizing the generation sector in liberalized
electricity markets aims to decrease any restrictive regulatory frameworks to encourage
companies to invest in the power sector and meet customer needs. Competition is
encouraged to decrease costs, enhance the security of supply and increase efficiency [14].
Numerous electricity markets in different parts of the world are currently implementing
plans for more competition in electricity markets. They have found that enhancing the
security of supply and maintaining system stability are big concerns. Moreover, they
recognize that generation and distribution networks should not be monopolized. They also
realize that many economic benefits, such as making profits and reducing costs, can be
obtained [15]. Competitive generation gives the market flexibility to sell power directly
to large customers and can help transfer this power to distribution networks to sell
ultimately to end users. These transitions are based on several transactions and contracts
between buyers and sellers within certain timeframes. Future power systems may be
complicated but they will improve operation, efficiency and resilience (as shown in Figure

1.3) according to the International Energy Agency (IEA).
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Figure 1.3: Future power system [16].



In recent years, power system deregulation and competition have been adopted in many
parts of the world as a means to reduce consumer energy costs, enhance security of supply
and increase efficiency [14, 15]. This has encouraged the increased penetration of
distributed generations (DGs) in power systems and a subsequent reduction in greenhouse
gas emissions through the use of renewable resources, as well as the start of a new industry

valued at billions of dollars [17-20].

As mentioned earlier, the rapid increase in electricity demand necessitates solutions to
increase generation capacity. One of the most useful solutions is increasing distributed
generation (DG), called embedded generation in distribution systems. IEEE defines
distributed generation as "the generation of electricity by facilities that are sufficiently
smaller than central generating plants so as to allow interconnection at nearly any point in
a power system” [21]. Several organizations depict DG by size and capacity; for example,
CIGRE defines DGs as units that produce power on a customer site which have size

smaller than 50 — 100 MW [22] and location is IEA's method of describing DGs [23].

There are many benefits to using distributed generation in numerous power systems
around the world. These benefits can be classified as customer, supplier and social
benefits. Ensuring the reliability of the power supply, providing the right energy solution
in the right location, offering efficiency gains for onsite applications, providing the power
quality needed, giving customers a choice in satisfying their particular electric energy
services, and enabling savings on electric energy rates are all benefits of DG from a
customer's perspective. The benefits of distributed generation from a supplier's viewpoint
include avoiding unessential capital expenditure by closely matching generating capacity
to demand growth, and avoiding investment in new transmission and distribution systems
as the DGs are located close to customers. Moreover, there are public benefits to
employing DG in power systems such as reducing greenhouse gas emissions through

renewable resource usage.

Wind and solar energy are commonly used as distributed generation sources in small to

medium-scale low and medium voltage micro or smart grids because they are located on



either the utility or customer side, they are a sustainable energy source and they are
environmentally friendly [24]. In recent years, wind and solar energy have become the
most attractive and fastest growing renewable energy technologies in power generation
worldwide. According to the European Wind Energy Association (EWEA), a seven-fold
growth in European wind power capacities is expected, from 34 GW in 2004 to 230 GW,
by the year 2020 [6]. Additionally, more than 21.9 GW of new PV capacity was installed
in Europe in 2011, which represents about 74 % of the total installation around the world

according to the European Photovoltaic Industry Association (EPIA) [25].

However, there are several challenges and difficulties to integrating distributed generation
in power systems [26] and it is not straightforward to solve these difficulties and
challenges. Technical and economic issues related to the integration of renewable
generation in power systems need to be addressed. Therefore, this thesis will discuss
several technical issues related to the integration of renewable energy sources based on

wind and PV in distribution systems as illustrated in section 1.2.
1.2 Investigated Issues

Highly integrating distributed generation based on renewable energy sources in
distribution systems raises several issues and challenges that need to be addressed. These
issues include stability, reliability, quality of supply, frequency control and system
protection. The issues related to the fault ride through, transient stability, frequency
response and the impact on the grid power factor of distribution systems are all

investigated in this thesis, as described in the below points:

* Fault ride through
With the rapid increase in penetration levels of renewable energy sources in
distribution networks, system operators need to maintain control of overall power
generation interconnected to ac grids. Distributed generation units based on
renewable energy have been required to be disconnected in the past for all fault
conditions. This may lead to severe voltage and dynamic stability problems at high

renewable penetration levels [27]. Disconnection of renewable generating units in



such a system could also cause a large imbalance between generation and load,
and this jeopardises the security of supply. Therefore, Distribution Network
Operators (DNOs) have introduced fault ride through requirements to prevent the
consequences of disconnection of distributed generation units. Typically, when a
power system is under abnormal conditions such as a fault, a short voltage sag will
occur. During this short time, fault ride through (FRT) requirements ensure that
generating units are connected to the system through a temporary fault condition
and they are required to stay connected to the transmission or distribution systems
to help maintain system security [28]. In fault scenarios close to renewable energy
generating units based on wind and PV, these units may operate under high risk to
its power electronic converters and DC link capacitors due to resulting
overvoltages and/or overcurrents. Therefore, fault ride through is one of the
significant issues that need to be investigated.

FRT requirements have been discussed in literature for wind turbines based on
DFIG [29-33] and synchronous generator with fully rated converters [34-36].
These publications investigated the FRT issue for wind generators based on DFIG
and synchronous generator with fully rated converters in small-scale transmission
systems. Unlike the aforementioned works, this research uses a modified control
design on distributed generation based on DFIG wind turbines and synchronous
generator with fully rated converters in different distribution systems to help to
ride through faults and meet the low voltage ride through (LVRT) grid code
requirements for voltage recovery. For PV grid connected systems, fault ride
through capability has been investigated in literature [37, 38]. However, there are
few papers that investigate the FRT capability for a three phase two stage
photovoltaic grid connected system. For this reason, this thesis proposes a three
phase two stage transformerless PV grid connected system with FRT capability to
protect the power electronic converters and the DC link of the PV system from

overvoltages or overcurrents.



Transient stability

Traditionally, a single renewable energy source has a small impact on power
system stability as they were insignificant in power systems [39]. However, with
the increase of renewable penetration levels in power systems, the dynamic
performance of such systems can be affected [40]. Therefore, it is significant to
study the impact of high renewable energy penetration on system transient stability
and to investigate the behaviour of renewable generating units in relation to system
disturbances such as faults. There are various renewable energy technologies and
they may have different responses to fault conditions. This thesis considers three
such technologies, a wind turbine based on the DFIG, a wind turbine based on a
synchronous generator with fully rated converters, and photovoltaics based on
solar energy.

The impact of integrating wind power based on DFIG on a power system’s
transient stability has been investigated in literature [41-43] and in [44, 45] for
wind turbines based on synchronous generator with fully rated converters. The
higher the penetration of wind energy in the system, the lower the stability of the
system is [46]. Unlike these publications which consider transmission systems,
this research investigates the impact of high penetration of wind power based on
DFIG and synchronous generator with fully rated converters on the transient
stability of different systems at the distribution voltage level, where no reactive
power supporters or FACTS devices are in the system. The impact of small PV
grid connected systems on the operation of distribution systems has been
investigated in [47]. Power system transient stability for systems with high
photovoltaic penetration has been assessed in [48, 49]. It has been shown in [50]
that system transient stability in high PV grid connected systems can be affected
by PV topologies and fault locations. This thesis investigates the transient stability
of different modified generic distribution systems with high penetration levels of
PV grid connected systems and it assesses the stability by using the Transient

Stability Index method.



Frequency response

The frequency of a power system is continuously varying but it should remain
within acceptable limits as defined by the power system operator so as to enhance
the power system’s security. A sudden loss or increase of generation or load
demand could lead to a frequency deviation from the nominal value because the
system frequency is directly proportional to the balance between generation and
load [51]. High renewable energy generation in power systems can affect
frequency stability and this issue has become a significant concern for
Transmission System Operators (TSOs) in recent years [52]. It is an issue in power
dynamic operations, as some renewable energy sources have different
characteristics from conventional synchronous generators in several respects. One
important difference is that, some renewable generating units are connected to the
grid via power electronic converters and this causes decoupling of the inertia of
their generators from power system inertia, such as in variable speed wind turbines
based on the DFIG or a synchronous generator with fully rated converters. Some
other renewable units, such as photovoltaics based solar energy, do not contribute
towards system inertia as there is no machine in their structures to contribute
towards power system inertia. Therefore, it is significant to study system
frequency response with high penetration of such renewable technologies when a
system 1is subjected to a frequency disturbance such as a sudden increase or
decrease in load demand.

Wind based on DFIG was discussed in terms of frequency response in [53-56].
However, these publications were based on wind turbines connected to large
power systems. In this research, the frequency response of wind power based on
DFIG is investigated for smaller power systems, i.e. distribution systems where
the penetration of wind is significant. Different frequency responses for the DFIG
are discussed to meet the grid code requirements, including active power
reduction, inertia response and a proposed frequency control model to enhance the
frequency response of the DFIG based on wind energy. The frequency control in

wind turbines based on synchronous generator with fully rated converters has not



been considered much in literature and there are only a few papers such as [57]
and [58] discussing this issue. For PV grid connected system, there are three
different approaches to provide frequency responses: keep PV systems in the
Maximum Power Point Tracking (MPPT) mode and install an energy storage
system, as shown in [59, 60], install a dump load to absorb surplus energy and the
PV active power curtailment approach [61]. [62], shows that the power curtailment
approach is more cost effective than the other two approaches for providing
frequency control via a PV system because there is no need to install a new
hardware in the PV system. In this thesis, the active power curtailment approach
is used for renewable generating units based on wind and PV to provide a
frequency response to different generic distribution systems. The active power
reduction approach is based on the German grid code requirements discussed in
[63].

Impact on grid power factor

The increase in renewable generating units based on wind and PV which operate
at unity power factor and do not have reactive power controllability in distribution
systems has also had a negative impact on the utility grid power factor, as
illustrated in Figure 1.4. From Figure 1.4, a grid working on a 0.9 power factor
(p.f.) to supply a load with 900 W active power and 435.9 VAr reactive power.
The grid power factor will be affected if the renewable unit shown in Figure 1.4
works at the unity power factor (without reactive power controllability) is
connected to the system and the utility grid power factor deteriorates to become
0.878. The higher the penetration of renewable energy without reactive power
controllability in the system, the lower the grid power factor of the system is.
Therefore, it is important to investigate the impact of renewable energy generation
based on wind and PV on the grid power factor and to investigate the ability of
such renewable sources to work at different power factor settings (non-unity) to
improve the grid power factor.

The reactive power capability of wind turbines based on DFIG was discussed in

[64-66]. There are few papers in literature that have investigated the reactive



power capability of wind turbines based on synchronous generator with fully rated
converters (FRC), however, in [67], reactive power provision with technical and
economic limitations from an FRC wind unit were discussed. The majority of
research papers in literature have studied the reactive power capability of large-
scale wind turbines in large power systems (transmission systems). In contrast,
this thesis investigates the impact of high wind power penetration based on DFIG
and synchronous generator with fully rated converters on the grid power factor and
the possibility of providing reactive power and operating at non-unity power factor
in various generic distribution systems. When a DG starts producing power into a
low-voltage network, the voltage magnitude can change considerably because of
the high resistance of the lines. In low-voltage distribution systems, the R/X ratio
is larger than that in transmission systems and voltages rise near the point of DG
connection. Therefore, DGs can use their power electronic converters to control
the voltage at the point of connection and provide/absorb reactive power. Wind
and photovoltaic generating units are competitive options for reactive power
compensation, as they have a fast response when compared to traditional methods
such as capacitor banks. PV penetration is increasing rapidly in distribution
networks as there is no extra cost in using PV units as a reactive power supporter.
There is promising potential to use PV inverters as reactive power supporters for
local utility grids and they become essential to operate at non-unity power factor
in recent years in power systems with high PV penetration [68, 69]. This thesis
investigates the impact of high solar energy penetration based on PVs on the grid
power factor and the capability to provide reactive power in different distribution
systems. A three phase two stage transformerless PV grid connected system with
reactive power capability is proposed in this research to operate under different

solar irradiance conditions and improve the utility grid power factor.
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Figure 1.4: Renewable generation impact on grid power factor.

1.3 Motivation

Distributed generation based on renewable energy sources has increased rapidly, as
discussed earlier, to mitigate climate change problems and decrease dependency on fossil
fuels. Several countries have planned for their renewable energy portfolios to reduce
greenhouse gas emissions, such as to reduce CO2 by 80 % in comparison to a 1990
baseline in the UK [70]. Indeed, the UK’s government has planned to increase renewable
energy in the British power system to meet this target. Maximising the potential of local
distributed generation based on renewable energy is highly encouraged in the UK to meet
renewable targets and the government provides promotions and incentives to renewable
source owners such as the Feed In Tariff (FIT) and Renewable Obligation Certificate
(ROC) [71]. The FIT is mainly a support mechanism for small scale (less than 5 MW)
renewable generation while the Renewable Obligation (RO) is one of the main support
mechanisms for larger renewable projects [72]. As a result, research and investment on
distributed generation based on renewable sources such as wind and solar energy has

increased dramatically. However, there are several issues related to the integration of
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renewable energy generation in distribution networks, as discussed earlier. The motivation

behind this research can therefore be described in the following points:

The integration of renewable generation in distribution systems benefits not only
the power suppliers and customers but also society as a whole. Therefore, solving
the problems of integrating high renewable energy sources in distribution systems
can help to achieve these benefits.

There is a need to study the impact of high integration of renewable generation in
distribution systems on system voltages, frequency and stability.

There is a need to understand the characteristics of various distributed generation
technologies based on wind and solar energies to investigate their dynamic
performance during various disturbances in distribution systems.

There is a need to develop control techniques for renewable generating units based
on wind and photovoltaic to investigate some technical issues related to the
integration of such sources in distribution systems in order to ride through faults,

improve frequency responses and enhance grid power factor.

1.4 Research Objectives

Due to the rapid increase in electricity demand and the need to reduce greenhouse gas

emissions, distributed generation based on renewable energy sources has increased in

recent years. However, there are some technical issues related to the integration of

renewable energy generation based on wind and PV in distribution systems need to be

investigated and these issues are fault ride through, transient stability, frequency response

and grid power factor. The main objectives of this thesis can be summarised as follows:

To conduct comprehensive reviews to understand the characteristics of various
renewable generating units, including a wind turbine based on the DFIG, a
synchronous generator with fully rated converters based on wind energy, and
photovoltaics based on solar energy.

To investigate the fault ride through of distribution systems with high renewable

energy penetration based on wind and PV, and discuss the behaviour of wind and
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PV generating units during faults. To modify a control design for wind generators
and PVs to ride through faults and protect their power electronic converters from
overvoltages.

To discuss the main issues associated with the system transient stability of
distribution networks with high renewable energy penetration based on wind and
photovoltaics. To assess the system transient stability by using the Transient
Stability Index with and without renewable energy penetration.

To explore the frequency response of distribution systems with high penetration
of renewable sources based on wind power and solar-photovoltaics. To propose a
new frequency control technique for wind based on DFIG to improve the system
frequency response when the system experiences an under or over-frequency
conditions.

To study the impact of integrating high renewable energy sources based on wind
and PV in distribution systems on grid power factor. To improve the grid power
factor by enabling DGs based on wind and PV to operate under various power

factor settings (non-unity).

1.5 Original Contributions of the Thesis

The original contributions to fulfil the research objectives can be summarised in the

following points:

A modified control design on distributed generations based on wind and solar
energy in different distribution systems is used to help to ride through faults and
meet the low voltage ride through (LVRT) grid code requirements for voltage
recovery. A DC chopper was added to the DC link of wind generators to protect
them from overvoltages during fault, and a three phase two stage transformerless
grid connected PV system was proposed with a new technique to protect the
converters from faults.

An investigation into different distribution networks with high penetration of

renewable energy based on wind and PV to discuss the impact of such renewable
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sources on system transient stability and using the Transient Stability Index
method to assess their effects.

A discussion on various frequency control methods published in literature for
various DGs based on renewable energy, including wind turbine based on the
DFIG, synchronous generator with fully rated converters based on wind energy,
and photovoltaics based on solar energy to investigate the frequency response of
different distribution systems with high renewable energy penetration. A new
frequency control technique was proposed in this thesis for DFIG based wind
energy in relation to various distribution systems. The simulation results have
shown improvements in the system frequency response for both under- and over-
frequency conditions.

A design of a three phase two stage (back-to-back power electronic converters)
transformerless PV grid connected system with reactive power capability to
operate under different solar irradiance conditions and improve the utility grid
power factor. The development of various distribution systems with high
penetration of renewable energy generating units including photovoltaics, wind
systems based on the DFIG and synchronous generator with fully rated converters
operating under different power factor settings to study the impact of these sources

on the grid power factor.

1.6 Thesis Structure

The work carried out in this thesis is organised into eight chapters. Chapter 1 provides

the introduction to the thesis and presents the motivation behind this work. It also provides

the research objectives and identifies the original contributions of the thesis.

In Chapter 2, a background to solar energy is given as well as the evolution of the

photovoltaic industry, and the potential and benefits of solar energy based on photovoltaic

technology are investigated. Environmental and economic issues related to photovoltaics

based on solar energy are also highlighted. Then, photovoltaic technology growth in

power systems worldwide is discussed, such as in Europe and the United Kingdom. After

that, current photovoltaic technology is investigated in detail and it is shown how solar
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cells produce electricity. The differences between PV cells, modules and arrays are
mentioned and PV power electronic inverters are discussed. Then, photovoltaic systems
are discussed and the differences in PV structure to supply DC load or AC load are
mentioned. Moreover, stand-alone and grid connected PV systems are highlighted. Then,
a detailed discussion is given on the technical characteristics and mathematical equations
of PV systems used to generate electric power. After that, the impact of solar irradiance
on PV output power and the need for Maximum Power Point Tracking (MPPT) to generate
the maximum power available from PV units are investigated. Finally, several challenges
and limitations of large scale PV generation are discussed, such as how much land is
needed, raw material availability, reliability problems, PV system efficiency and grid code

requirements.

Chapter 3 presents the background to wind energy and discusses wind power’s potential
and benefits. Then, environmental and economic concerns related to the integration of
wind power in power systems are highlighted. Next, wind power growth in the world,
Europe and the United Kingdom is discussed. This is followed by a detailed presentation
of current wind power technologies and the differences between the horizontal axis wind
turbine (HAWT) and vertical axis wind turbine (VAWT) are discussed. The construction
of wind turbines and the advantages of using the HAWT are mentioned. After that, wind
generation characteristics are highlighted. Three wind generator concepts are investigated
in this chapter, namely a fixed speed generator based on an induction machine, variable
speed wind based on the DFIG, and a synchronous generator with fully rated converters.
Then, a detailed review of the control and operation of a wind turbine based on the DFIG
and a synchronous generator with fully rated converters is given. The impact of wind
speed variations on the output power of wind generation and the need to track the
maximum available power are highlighted. Then, power electronic applications in wind
power generation are discussed. Finally, various challenges and barriers related to the

integration of wind power in power systems are investigated in this chapter.

In Chapter 4, an explanation to fault ride through is given. The grid code requirements

for FRT are discussed in this chapter and examples of these requirements are shown. Then,
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the impact of wind power generation on fault ride through requirements is highlighted.
Next, the impact of solar energy based on photovoltaic technology on fault ride through
requirements is discussed. After that, modelling and control of renewable energy
generation, such as a wind turbine based on the Doubly Fed Induction Generator (DFIG),
a wind synchronous generator with fully rated converters, and solar energy based on
photovoltaics, in order to ride through faults are investigated. Then, simulation scenarios
used to investigate the fault ride through of distribution systems with high renewable
energy penetration are discussed. Three distribution systems, namely IEEE 13 bus, IEEE
37 bus and IEEE 123 bus distribution systems, are used in this chapter to verify the
methodology.

Chapter 5 gives an introduction to the transient stability analysis method. After that, the
impact of wind energy generation and solar energy based on photovoltaics on system
transient stability is investigated. Then, the control and modelling of wind power
generation based on the DFIG and a synchronous generator with fully rated converters are
included. The PV grid connected system’s control and modelling in distribution systems
is next discussed. Then, the transient stability of distribution systems with high renewable
power generation in simulation scenarios is discussed. Finally, this chapter uses three
different distribution systems, namely IEEE 13 bus, IEEE 37 bus and IEEE 123 bus
distribution systems, to study the impact of renewable energy generation on system

transient stability.

In Chapter 6, the concepts of frequency control is presented. Then, the grid code
requirements for frequency response are highlighted. The impact of renewable energy
generation based on wind and solar energy on the frequency response of a power system
is discussed. Then, modelling and control of various renewable energy sources, such as
wind based on the DFIG, a synchronous generator with fully rated converters, and solar
based on photovoltaics, are investigated to improve the frequency response of distribution
systems. Next, simulation scenarios to study the frequency response of various
distributions systems with high renewable energy penetration are highlighted. This

chapter also uses three different distribution systems to validate the proposed frequency
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control techniques, namely IEEE 13 bus, IEEE 37 bus and IEEE 123 bus distribution

systems.

Chapter 7 gives an introduction to reactive power requirement and the reactive power
compensation devices discussed in literature. It also highlights the end user reactive power
compensation in distribution systems based on inverter technologies. Then, grid code
requirements for reactive power support are discussed. The impact of wind power
generation and solar based on photovoltaics on the utility grid’s power factor is
investigated. After that, the proposed modelling and control of various renewable energy
sources to operate under different power factor settings (non-unity) are discussed. Then,
simulation scenarios used to investigate the impact of these renewable generating units in
various distribution systems on the grid power factor are discussed. Three various
distribution systems, namely IEEE 13 bus, IEEE 37 bus and IEEE 123 bus distribution

systems, are used to validate the proposed models and verify the methodology.

Chapter 8 summarises the conclusions of this research and makes suggestions for future

work.
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CHAPTER 2 Solar Energy — Photovoltaic Systems
2.1 Introduction

Electricity demand has increased considerably over the past few years due to the rapid
growth in populations and economies. The global demand for electric energy is expected
to double by the year 2050, varying based on economic growth [73]. In low economic
growth countries, electricity demand will increase by 18% from the year 2011 to 2040
compared with about 42% in high economic growth countries [74]. About 93% of total
world energy generation was produced from fossil fuels in 2010; 38% from oil, 28% from
coal, 21% from natural gas and 6% from nuclear plants [75]. Only 7% of our energy was

produced from renewable resources in 2010.

The dependency on fossil fuels for energy production leads to a significant rise in
greenhouse gas emissions such as carbon dioxide (CO2). As a result, the penetration of
renewable energy power generators should be increased, considering total power system
security and reliability. Among many renewable resources, solar energy is one of the most
promising renewable source of energy due to its sustainability and advanced technologies.
There are three main solar energy technologies, namely photovoltaics (PV) which directly
convert sun-light into electric energy, concentrated solar power (CSP) called concentrated
solar thermal which converts the concentrated sun-light to heat (thermal energy) to drive
a heat engine (usually steam turbines) and then produce electricity, and heating and
cooling systems which collect thermal energy from the sun to provide hot water and air
conditioning. Solar generating units based on photovoltaic (PV) systems have been
growing in use substantially in recent years due to their availability and environmental
friendly impact. 2014 was a historical year for the increase in photovoltaic generation
since the world’s PV cumulative installed capacity exceeded 178 GW, as shown in Figure
2.1. Around 141 GW of the globe’s photovoltaic units were installed in the years 2011,
2012, 2013 and 2014. This growth trend is expected to increase in the future, with PV
cumulative installed capacity forecast to be around 540 GW by the year 2019 [76].

Together with statistical data, this shows that photovoltaic systems are an important
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renewable resource for the future of electricity generation. Photovoltaic systems are also
suitable for use in a variety of different applications, such as in mobile systems, satellite
applications and for distributed generation, which makes them one of the most promising

and efficient renewable energy sources in the world.
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Figure 2.1: Evolution of global PV cumulative installed capacity 2000-2014, APAC:
Asia Pacific, MEA: Middle East & Africa and RoW: Rest of the World (MW)[76].
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2.2 Solar Energy Background

Solar energy is not a new technology and it has a history which goes back to the 16"
century when a Swiss scientist named Horace-Benedict de Saussure created the first solar
collector in 1767. In 1839, a French physicist, Edmond Becquerel, defined the
photovoltaic effect. This was a major evolution in solar energy. Willoughby Smith
discovered photo-conductivity of a material known as Selenium in 1873. An American
inventor named Charles Fritts introduced the first solar cell in 1883 with efficiency of only
1%. Photovoltaic technology was then born in the United States in 1954 when Daryl
Chapin, Calvin Fuller and Gerald Pearson invented the first crystalline silicon solar
photovoltaic cell with 6% efficiency [77]. The term ‘photovoltaic’ is made up of two
words, ‘photo’ which means light (from Greek) and ‘voltaic’ from ‘volt’ which is the unit
used to measure electric voltage at a given point. Solar cells are used in a photovoltaic

structure to convert solar radiation into electric power, measured in kilowatts (kW). A cell
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i1s made from one or two layers of a semi-conducting material. Positive charge is placed
on one layer and negative charge on the other layer. Semiconductor atoms absorb photons
from sunlight when the PV cell is subjected to sunlight. Then, the atoms release electrons
from the negative layer and the external circuit enables these electrons to flow back to the
cell’s positive layer, representing an electric current. An electric field is created across the
layers when sunlight shines on the cell. Then, electricity can be produced. The first
practical PV technology was used in the space satellite projects of 1958 and the 1960s. In
the last 50 years, photovoltaic technology has improved considerably and scientists and

researchers have contributed towards enhancing PV cell efficiency.

Successful use of PV in space satellite projects inspired researchers to use photovoltaic
systems for electricity generation. In September 2013, the German Fraunhofer Institute
for Solar Energy Systems (ISE), Soitec, CEA-Leti and the Helmholtz Center Berlin
announced that they had accomplished a new world record for the conversion of sunlight
into electric power using a new solar cell structure with four solar sub-cells. Their new
world record was based on the development of a new solar cell with 44.7% efficiency
[78]. The efficiency of a solar cell is the ratio of the power output in watts of this cell to

the incident energy in the form of sunlight.

2.3 Solar Power Potential and Benefits

Use of solar units based on photovoltaic technology as a source of electricity has increased
remarkably over the past decade. The increase in use of photovoltaic systems as an
alternative to conventional power plants has resulted in a reduction in harmful greenhouse
gas emissions such as CO». In recent years, new installed photovoltaic systems have saved
the emission of more than 53 million tons of CO» per year. The world cumulative PV
installed capacity exceeded 178 GW in 2014 and photovoltaic systems were the number
one power generating source in terms of newly installed capacity. The European Union’s
countries became the world’s leaders in terms of cumulative installed capacity, with about
70 GW in 2012. This represents approximately 70% of the world’s new cumulative

photovoltaic installed capacity. However, China was the PV market leader in the years
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2013 and 2014 respectively and its new installed capacity exceeds 10.9 GW in 2014.
Figure 2.2 shows that the potential of photovoltaic systems has been growing dramatically
over the last 14 years, and the installed capacity of PV in the year 2014 represented around
137 times the installed capacity of the year 2000.
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Figure 2.2: Evolution of global PV annual installations 2000-2014 (MW) [76].

Providing clean and sustainable electric energy could lead to a decrease of up to 4,047
million tonnes of CO2 emissions every year by 2050 [79]. Photovoltaic systems have no
emissions and this is one of the advantages of PV. It means there is no radioactive or
combustion waste and this can help in meeting international targets to reduce greenhouse
emissions and tackle climate change. PV systems have a vast fuel source which is widely
accessible, as the most abundant source of free energy is sunlight. They also have a
negligible environmental impact and can be installed anywhere. Photovoltaic units can be
very easily integrated at any point of use and can be installed in existing or newly built
roofs. PV systems also need no fuel and this results in low operating costs. The typical
lifetime of a PV unit is at least 25 years, making them an efficient source of energy as they

generate many times more energy than they cost.

2.4 Environmental Impact of PV

The sun provides an abundant resource for generating clean and sustainable electric

energy; it releases no warming emissions or toxic pollutions. However, gas emissions can
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result from the photovoltaic cell manufacturing process. The amount of emitted gases
during the PV cell manufacturing process is much less than that of conventional power
plants. A solar unit based on photovoltaic technology emits around 40 grams of CO> per
kilo-watt-hour (kWh). Conversely, a conventional coal power plant emits 1000 grams of
CO; per kWh [80]. This means that the production of carbon dioxide in a conventional
coal power plant is 25 times that produced from a PV generating unit. Additionally,
generating electricity from a photovoltaic system is safe for supplying domestic loads as
they cause no noise or air pollution. A PV cell can also be recycled after the end of its

lifetime and this may reduce the energy used to produce a new one.

2.5 Economic Potential of Photovoltaic Technology

Photovoltaic technology use in power systems has grown considerably over the past few
years due to the reduction in PV costs. Government support and various financial
incentives for its use, such as Feed in Tariff (FIT), have also contributed towards high
integration of PV in power networks. According to the International Renewable Energy
Agency (IRENA), the average price per watt of a PV module fell by 65-70% from 2009
to 2013. In Germany, the cost per PV system declined between 2009 and 2013 by 53%.
New levels of competitiveness have emerged in terms of both utility and distribution. The
fast growth of PV technology has continued even during economic crises and it is expected

to become one of the major sources of power generation in the future [81].

PV price depends on economic incentives and the photovoltaic system manufacturers. PV
manufacturers set a selling price which meets their profit margin and this depends mainly
on manufacturing process costs. The process costs are related to the cost of raw materials
need for a PV cell and the cost of the power electronics converters. Photovoltaic efficiency
also plays a significant role in reducing overall PV costs. The larger the PV efficiency, the
lower the overall PV costs. Unlike other power generation technologies, photovoltaic

technology requires almost no maintenance and has a long lifetime.
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2.6 Photovoltaic Technology Growth

At the end of 2000, the world’s cumulative photovoltaic installed capacity was 1.3 GW.
The growth in photovoltaic capacity was doubled in 2003 and this was followed by a
steady increase until 2008. The world’s cumulative PV capacity was around 16 GW in
2008 and one year later it was approximately 23 GW. Since 2009, PV capacity has
dramatically increased, approaching a historic record of more than 100 GW in 2012.
Photovoltaic systems are now becoming main power producers and they deliver clean and
affordable energy to many parts of the world. In terms of new global renewable installed
capacity, PV is the third most important renewable source after hydro and wind power.
As mentioned above, PV is growing continually even during difficult economic periods,
such as economic crises. PV installation capacities reached another record of 178 GW in
2014, and the new global added capacity reached around 40.13 GW. The top ten leading
PV markets in the world in 2014 are summarised in Table 2.1. The global PV cumulative
installed capacity share in 2014 by top PV markets is shown in Figure 2.3 and by region
this is illustrated in Figure 2.4.

Table 2.1: The top ten leading photovoltaic markets worldwide in 2014.

Country Installations in GW
China 10.6
Japan ® 9.7
USA L 6.2
UK == 2.3
Germany I 1.9
Australia Y. . 0.9
France W | 0.9
South Korea < 0.9
South Africa > 0.8
India - 0.6
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Total PV Cumulative Capacity 178.4 GW
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Figure 2.3: PV cumulative installed capacity share in the world until year 2014.
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Figure 2.4: Evolution of the PV cumulative installed capacity in MW by region from
2000 — 2014, IEA-PVPS (International Energy Agency Photovoltaic Power Systems
Programme [82].

2.7 Photovoltaic Technology in Europe and the United Kingdom

Europe became the world’s leading region in terms of cumulative photovoltaic installed

capacity in 2007 with more than 5.3 GW. The growth of PV installed capacity has
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continued in Europe in the last seven years and keeps Europe as the photovoltaic leader
in terms of PV cumulative installed capacity, which represents around 50% of the total
capacity as shown in Figure 2.4. Germany is the world’s top PV market in terms of total
cumulative installed capacity, representing around 21% of the global PV cumulative

installed capacity share in 2014.

In the last few years, installation of photovoltaic systems has increased rapidly in the
United Kingdom (UK) due to support from the UK Government and investment policy.
The UK’s cumulative PV installed capacity was 10.9 MW in 2005 and this has increased
dramatically, reaching 1.9 GW in 2013 [83]. PV based on solar energy dominated installed
capacity, with about 88.5% of the total installed capacity over the three years of the Feed
in Tariff (FIT) scheme. The total PV installed capacity was 1585 MW in March 2013,
whilst only 133 MW was wind installed capacity in the same period [84]. By the end of
the third quarter of 2015, the total PV cumulative installed capacity reached 8.4 GW in
the UK (see Figure 2.5) and in 2014 the UK became the seventh country in the world to
reach 5 GW after Germany, China, Italy, Japan, the United States and Spain [85, 86].

Cumulative Solar Photovoltaics Deployment in the UK in (MW)
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Figure 2.5: The total PV cumulative installed capacity in the UK.
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2.8 Current Photovoltaic Technologies

Solar cells are used in a photovoltaic structure to convert solar radiation into electric
power, measured in kilowatts (kW) and they are made from one or two layers of a semi-
conducting material. The greater the intensity of the sunlight, the more electricity is
generated. Silicon is the most common semi-conducting material used in photovoltaic
systems because there is no limitations on silicon as a raw material and it is widely
distributed in sand and dust. Silicon is also the second most abundant element in the
earth’s mass after Oxygen. The minority carrier transport in a silicon cell and electron-

hole pair generation with an external circuit are illustrated in Figure 2.6.
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Figure 2.6: Silicon solar cell band diagram.
Solar energy generation based on a photovoltaic system involves four main components:

1. PV cells and modules.

2. A power electronic inverter to convert direct current (DC), which is obtained from
PV modules, to alternate current (AC).

3. Storage devices such as batteries for stand-alone PV systems.

4. Support structures to adjust the photovoltaic modules toward the sun.

PV Cells and Modules

Crystalline silicon technology is the most common PV technology, representing around

90% of the photovoltaic market (according to the European Photovoltaic Industry
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Association, EPIA). A crystalline silicon cell is made up of thin slices cut from a single
crystal of silicon, which is called Monocrystalline, or created from a block of silicon
crystals, which is called Polycrystalline. The efficiency of the crystalline silicon cells

varies between 12% and 17%.

Another type of photovoltaic technology is called Thin Film technology. This is produced
by depositing thin layers of photosensitive materials onto a low-cost support such as
plastic, stainless steel or glass. Nowadays, several other types of photovoltaic technologies
are available, such as concentrated photovoltaic technology which depends on the
concentration of sunlight and collects as much sunlight as possible. The efficiency of
concentrated photovoltaic technology is between 20% and 30%. Flexible cells and third
generation photovoltaics are other types of photovoltaic technologies which enhance the

flexibility of the solar cell.

Solar cells are connected together to structure larger units called modules. These modules
can be connected to each other in a series known as an array to increase the voltage
produced by the PV system. The arrays can be connected to each other in parallel to

enhance the photovoltaic system current (see Figure 2.7).

@ ©

PV Cell PV MIodule

Figure 2.7: PV cell, module and array.

Power Electronic Inverters

Inverters are an essential part of PV-grid connected systems and can convert PV array DC
power to AC power to supply the connected network. This procedure makes PV systems
compatible with distribution networks and the majority of electrical appliances. There are

two main types of power electronic inverters, pulse width modulated (PWM) voltage
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source inverters and thyristor based line commutated inverters (TLCI). Figures 2.8 and

2.9 show the differences between them.
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Figure 2.8: PWM voltage source inverter.
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Figure 2.9: TLCI inverter.
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The use of high quality sinusoidal PWM voltage source inverters has been increased in
PV systems due to their fast real time control and the recent development of the MOSFET
(Metal Oxide Semiconductor Field Effect Transistor) and IGBT (Insulated Gate Bipolar
Transistor) to consider high power ratings. The magnitude of the input DC voltage is fixed
in these types of inverters and the output voltage and frequency of the inverters can be

controlled by pulse width modulation of the PWM inverter switches.

TLCIs (thyristor based line commutated inverters) are commonly used in many current
PV systems due to their low cost and availability for high power levels. Changing the
thyristor firing angle of this inverter can control the current drawn from the PV array and

this helps in grid connected PV mode.

2.9 Photovoltaic Systems

Photovoltaic systems can provide clean energy for small or large utilities. PV systems can
be classified as stand-alone and grid connected modes. Standalone PV systems are PV
systems installed in isolated locations and operated independently of the utility grid. They
are known as off-grid PV systems and are usually equipped with storage devices such as
batteries. They can supply DC or AC loads with considering different control systems.
The controller of a PV system which supplies a DC load uses a single stage DC/DC power
electronic converter such as a buck, boost or buck-boost converter (see Figure 2.10). These
converters also help in changing the voltage level and tracking the maximum power point
(MPP). However, a two-stage control topology with storage devices is necessary to supply
AC loads, as illustrated in Figure 2.11. The first stage consists of a DC boost converter to
increase the PV voltage and track the MPP. A DC/AC inverter is used in the second stage

to convert the DC power to AC power and it also enhances the AC power quality.
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Figure 2.10: Block diagram of DC load supplied by a stand-alone PV system.
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Figure 2.11: Block diagram of AC load supplied by a stand-alone PV system.

For grid-connected PV systems, single and two-stage topologies have been used. A single
stage grid-connected PV system uses a single conversion unit known as a DC-AC inverter
to obtain the MPP and connect the PV to the grid (see Figure 2.12). For this topology, a
step up transformer is required to achieve the grid-requirements. This leads to a decrease
in the efficiency and increase the cost. On the other hand, a two-stage grid connected PV
system has two conversion steps, as shown in Figure 2.13, a DC/DC converter and a
DC/AC inverter. The DC/DC converter could be buck, boost or buck boost and it is

utilised to track the MPP and can change the PV output voltage. The second step is the
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DC/AC inverter which regulates the DC link voltage and controls the power factor by

synchronising the grid current and voltage.

Photovoltaic Panel

dc/ac Power AC Grid
Electronics |

Inverter

o 4
—> Control
1 grid

lpv System

Vgrid

VPV
Figure 2.12: Block diagram of single-stage grid-connected photovoltaic system.
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Figure 2.13: Block diagram of two-stage grid-connected photovoltaic system.

2.10 Photovoltaic Cells, Modules and Array Characteristics

A photovoltaic system consists of a solar array, which contains a set of series, and parallel
connected modules. PV modules consist of groups of photovoltaic cells which are the

basic components of PV systems. Figure 2.14 illustrates a photovoltaic array in detail.
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Figure 2.14: Photovoltaic array.

2.10.1 PV Cells Characteristics
The equivalent circuit of a solar cell is shown in Figure 2.15, consisting of a photocurrent,

a diode, a series resistor to represent the internal resistance and a shunt resistor which

models the leakage current.

Ipv
—
AN
Rs +

IthD Ezt] lo g Rsh Vpv

Figure 2.15: PV cell equivalent circuit.

From the photovoltaic cell equivalent circuit, a mathematical model of the generated PV
current can be obtained as:

a(Vpv+Rslpy)
Ly = s —Io [e(—m ) _ 1] _ UptRslpy)

2.1)

Rsh
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Where 1, 1s the light generated current and the reverse saturation current is /,. g is the
electron charge which equals 1.6x1071°C and 4 is the junction material factor called the
ideality factor, ranging from 1 to 2. T'is the junction temperature measured in Kelvin and
k is the Boltzmann constant which is 1.38x10°J/K. The solar cell series and shunt
resistances are Ry and R, respectively. I, and V), are the photovoltaic output current and

voltage respectively.

2.10.2 PV Modules Characteristics
To get a desired working voltage and current, a group of series solar and parallel cells

should be connected together to form a PV array. The photovoltaic model rating is
determined by its DC output power under standard test conditions (STC). Typically, the
commercial STC is set at 25°C solar cell temperature and 1000 W/m? solar irradiance at a
1.5 (AM) spectral distribution of air mass [87]. Usually the current—voltage (I — V) and
the power—voltage (P — V) characteristics are used for evaluating the performance of the
PV system respectively. The characteristic curves (P —V and I — V) of the PV system are
considerably influenced by the variations in solar irradiance and temperature, as shown in

Figures 2.16 and 2.17.
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Figure 2.16: The effect of solar irradiance on I-V and P-V curves.
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Figure 2.17: The impact of solar irradiance and temperature on P-V curves.

2.10.3 PV Arrays Characteristics
To get a sufficient voltage and current, a group of series and parallel PV modules should

be connected, representing a photovoltaic array. The size of a PV array depends on the
number of PV modules which are connected in a given PV system. Output current and
voltage of the PV array can be determined by equations 2.2 and 2.3 respectively. The PV
array characteristics can be evaluated by multiplying the PV module output current by the
number of parallel strings and multiplying the PV module output voltage by the number

of series modules in the individual string.
Ipva = Ipy * 0y (2.2)
Vova = Vpy * g (2.3)

Where Ipva and Vpva are the PV array output current and voltage respectively. I,y and Vo
are the PV module output current and voltage respectively. The number of parallel strings

is np in the PV array and ns is the number of series PV modules in one string.

Three important operating points should be considered - Open Circuit Voltage (Vo) at
point A, Short Circuit Current (Is¢) at point B, and Maximum Power Point (MPP) at point
C - when designing a PV array, as shown in Figures 2.18 and 2.19. The PV module type

and parameters are illustrated in Table 2.2.
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Figure 2.18: I -V and P — V characteristics curves for one module at STC.
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Figure 2.19: I — V and P — V characteristics curves for one array at STC.
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Table 2.2: PV module characteristics under STC.

Module Type SunPower SPR-305-WHT

Number of Cells per Module 96
Number of Series Connected Modules per String 5
Number of Parallel Strings 66
Open Circuit Voltage (V) 64.2V
Short Circuit Current (L) 596 A
Voltage at Maximum Power Point (V wpp) 547V
Current at Maximum Power Point (Vupp) 5.58 A
Series Resistance (R;) 0.038 ohm
Shunt Resistance (Rqn) 993.51 ohm
Saturation Current (I,) 0.118 nA
The Light Generated Current (Ip,) 596 A

Open Circuit Voltage (Vo)

The open circuit voltage is shown in Figure 2.18 at the operating point A. The open circuit

voltage can be obtained by neglecting Ish (shunt current) (see Figure 2.20).

Ipv=10

Iph (“D Sﬂ lo Voc

Figure 2.20: Open circuit condition.

From the above figure, the open circuit voltage can be calculated using equation 2.5 as:
(Q(Voc))
Ion — 1o [e AKT ) — 1] =0 (2.4)

Then,
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V. = 20 (M) (2.5)

Io

Short Circuit Current (Is)

In Figure 2.18, the short circuit current is shown at the operating point B. The short circuit
condition can be obtained by neglecting (Rs) series resistance (see Figure 2.21) and it can

be determined by equation 2.6.
Isc = Ipn (2.6)

Isc

”:'hGD Eﬂ lo Ypv=0

Figure 2.21: Short circuit condition.

2.11 Solar Irradiance

Solar irradiance can be defined as the radiant power incident per unit area on a specified
surface and it is measured in W/m?. Radiant power is expressed as the rate of flow of
electromagnetic energy and sunlight containing many electromagnetic waves of a wide
spectrum. These waves include different photons with different energies which travel at a
constant speed (c), represented as the speed of light. The photon energy can be calculated
according to equation 2.7. The longer the wavelength, the smaller the amount of energy

that can be obtained.

hc
E=— (2.7)

Where, E is photon energy measured in J, h is Plank’s constant 6.63x1073* J.s, ¢ is light

speed 3x10® m/s and A is the wavelength of radiation measured in m.
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The solar irradiance intensity on the earth’s horizontal surface is approximately constant
at 1350 W/m? when the entry point into the atmosphere is directly outside the earth. The

entry point into the atmosphere is called AM or air mass.

2.12 Maximum Power Point Tracking (MPPT)

As shown in the previous sections, the characteristic curves (P — V and [ — V) of a PV
system are considerably influenced by variations in solar irradiance and temperature, as
shown in Figures 2.16 and 2.17. As a result, a maximum power point tracker (MPPT) is
essential to solve these problems and ensure that the photovoltaic system generates the

maximum available power.

There are several MPPT techniques that have been discussed in literature, such as simple
panel load matching, incremental conductance, constant voltage, constant current,
perturbation and observation, hill climbing, ripple correlation control, the fuzzy logic
controller, and artificial intelligence techniques [88, 89]. These MPPT methods require
algorithms to determine the maximum power point and they vary in accuracy, simplicity,
time response and cost. There have also been several techniques proposed to solve partial

shading problems using advanced optimization methods such as particle swarm [90].

Hill climbing is the most commonly used technique in tracking the maximum PV output
power due to its low cost, simplicity and straightforward utilization. This thesis considers
the hill climbing method as the MPPT technique in the model of the PV system, for the
aforementioned reasons. Unlike Perturb and Observe (P&O) MPPT method which
involves a perturbation in the operating voltage of the PV array, Hill climbing basically
works by perturbing (changing) the PV power converter duty cycle (D) and observing the
effect of this change on the output power of the PV system. After each
perturbation/observation iteration the MPPT decides the new direction of the duty cycle
(positive or negative) to track the maximum available power. If the output power P(k) is
greater than the pre-set value P(k-1), the duty cycle is increased and vice versa (see the
flowchart of the hill climbing MPPT technique in Figure 2.22). A comparison on

photovoltaic array maximum power point tracking techniques was discussed in literature
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such as [89] and explained in details how hill-climbing method works. The duty cycle of
the power converter is the fraction of the commutation period T the switch is on and it
depends on the ratio of input to output voltage as shown in equation 2.8. Table 2.3
illustrates the relationship between the maximum output voltage of the boost converter
(Vou), the input voltage (Vin) and the duty cycle D. In real application, the duty cycle of
the converter is less than 0.9 [91]. The impact of using the hill climbing MPPT technique

on the power converter duty cycle and PV output power is shown in Figures 2.23 and 2.24

respectively.
Vin
D=1- Vour (2.8)

Table 2.3: The maximum output voltage of the boost converter (Vout) dependent on D.

Duty cycle D 0.5 0.75 0.8 0.9

2x Vin 4% Vin 5% Vin 10 X Vin

[ Measure Ipv(k), Vpv(K) ]

y

Calculate the power P(k) = Ipv(k) x Vpv(k)

}

P(k) > P(k-1)

P
N’

Yes

D(k) = D{k-1) + ¢ D(k) = D{k-1) - ¢

RETURN

Figure 2.22: The flowchart of the hill climbing MPPT technique.
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Figure 2.23: Power converter duty cycle (D) using hill climbing MPPT technique.
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Figure 2.24: PV output power using hill climbing MPPT technique.

2.13 Challenges of Photovoltaic Technology

In this section, the requirements and limitations of large-scale PV energy generation will
be discussed, such as the amount of land and raw materials needed, reliability, system

efficiency, grid codes and payback time.
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2.13.1 Land for PV
To calculate how much land is needed to install a PV system, the capacity factor concept

of fossil-fuel power plants can be used. The capacity factor (CF) concept is the ratio of
the energy actually produced by the power plant over the rated power times the number

of hours per year, i.e. 8760 h, as illustrated in equation 2.9.

The energy actually produced
Rated power x8760

CF = 2.9)

For instance, if one MW generator generated 6000 MWh per year, its corresponding
capacity factor would be 0.68. The capacity factor is usually less than one because the
power plant may need to stop for certain periods for maintenance or as a management
order from the system operator. In typical power systems, base load is usually supplied by
power plants with relatively low fuel costs and they typically have 0.7 capacity factors or
more. Renewable energy sources such as PV and wind usually have lower capacity factors
depending on their locations due to their intermittent nature of operation and the fact that
they can operate to supply peak demands (see Figure 2.25). In the UK, the average
capacity factor of wind units is 28.42 per cent in the past five years [92], while 9.7 per

cent is the typical annual capacity factor for photovoltaics based on solar energy [93].

Wind & Solar

Typical Demand Load Curve

|

Base Load

Hour of the Day

Figure 2.25: Typical power supply and demand load curves.

The capacity factor for PV units ranges from 8% (0.08) for fixed PV modules in Hamburg
to 26% (0.26) in Albuquerque in Mexico with PV sun tracking [77]. In 2013, the average
PV capacity factor was 0.102 in the UK [94] and EPIA analysis assumes the PV average
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capacity factor to be 12-17%. In the UK, household electricity consumption is about 5.4
kWh/day/person, or 27 kWh/day per family of five. If the CF of the PV unit is 0.15, this
household load demand can be met with a photovoltaic installation of 27 / (0.15 x 24) =
7.5 kW. For a rated PV module (panel) efficiency of 13% (0.13 x 1000 W/m?), land needed
will be 7500 / 130 = 58 m? of PV panels. Various common PV modules which are
available in the UK market are listed in Appendix A.

2.13.2 PV Raw Materials
There should be enough raw materials on Earth to make PV panels to generate a significant

fraction of global electricity needed in the future. Silicon has been the main material used
to make solar cells in recent years. It is the second most abundant material on Earth, as
mentioned in section 2.8. Therefore, there will be no shortage in finding silicon and the
current production of silicon is around 50 times greater than that required for PV cell

manufacturing. Also, non-silicon solar cells have several limitations and constraints.

2.13.3 Reliability
PV systems consist of four main components: a PV panel, power electronic devices

(DC/DC converter and/or DC/AC inverter), a PV system controller and storage devices
such as batteries. Failure in a PV system’s components may occur similar to any other
electrical equipment due to occasional failures or accidental events. These failures result
in significant economic loss and show the importance of the reliability of PV systems to
both utilities and customers. Over the past few years, the reliability of PV modules has
been improved considerably and they now have a long lifetime (up to 30 years) [95].
However, power electronic devices have low reliability in PV systems as they can easily
be influenced by any disturbances in the grid or during scheduled maintenance. Therefore,

protection devices must be used to avoid any failure event of the electric power circuit.

Florida Solar Energy Centre [96] published reliability data from 1999-2003 on 103 grid-
connected PV systems that used PV arrays from 9 manufacturers; 176 inverters from 4
manufacturers confirmed that most of the failure events were due to the inverters. Also,
213 reliability events had been recorded on these 103 PV systems indicating that 65% of

these failures were caused by inverters. One of the main causes of an inverter failure event
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is the inverter heat extraction mechanisms for semiconductors switches and thermal
management systems. Inverter components such as switches and capacitors are very
sensitive to temperature and this makes inverter thermal management one of the main
reliability issues for PV inverters. However, the reliability of new inverters has been
steadily improving as inverter manufacturers have solved some of the above problems.
They have tried to extend inverter lifetimes and ensure that inverters work adequately over

their warranty period [97].

Energy storage would solve the problem of PV intermittency, which depends on solar
irradiance. Storage devices such as batteries are essential components in PV systems to
supply a continuous and high quality electricity in many PV application systems with
critical loads, such as medical and telecommunication systems. Lead acid batteries are the
most commonly used storage devices in PV systems due to their low cost and availability.
In extreme weather conditions, particularly cold, and for smaller applications, lead acid
and nickel (Ni-Cd) batteries are highly preferred. These storage devices should be selected
and managed properly in PV systems to increase their lifetime, thus resulting in great

overall PV system reliability [98].

2.13.4 PV System Efficiency
To study the overall efficiency of a PV system, the efficiency of the main PV components

should be considered: the PV module efficiency, the efficiency of the DC/AC inverter and
the MPPT controller. In a grid-connected PV system, transformer efficiency should also
be considered. Solar cell efficiency was 1-2 % in the past to convert sunlight into
electricity because most of the sunlight was reflected or dissipated by the cell’s materials.
The efficiency of a PV cell is the ratio of the power output in (W) of a PV cell to the

incident energy in the form of sunlight. Equation 2.10 describes this relationship.

Poutput Pupp
Vo= —2ut (2.10)
Pinput E XAc
Impp x VMPP I Voc XFF
%T] — X — IscxVoc (211)
Pinput Pinput
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Where, n is solar cell efficiency, Pmpp is the power at the maximum power point in W, E
is solar irradiance (input light in W/m?) and Ac is solar cell surface area in m?. Impp and
Vwmre are the current and voltage at the maximum power point in Ampere and Volt
respectively. Isc and V. are the short circuit current and open circuit voltage in Ampere
and Volt respectively. FF is defined as the ratio of the maximum power from the solar cell
to the product of open circuit voltage (Vo) and short circuit current (Isc). It is directly
affected by the series resistance (Rs) and shunt resistance (Rsn) of the PV circuit. Typical
commercial solar cells has a fill factor greater than 0.7. Solar cells with a high fill factor
have a low series resistance and a high shunt resistance of the PV circuit to decrease
internal losses [99]. Increasing Rsh and decreasing R leads to a higher FF, thus resulting

in great efficiency.

In recent years, the solar cell industry has developed considerably and the efficiency of
solar cells varies from one technology to another. Cost and efficiency of solar cells are
directly linked. Highly efficient cells require expensive single-crystal semiconductor
material and they use advanced structures to decrease energy losses. Around 91% of the
global PV market uses single-crystal Si cells [100]. Thin film solar cells use less material
and they are cheaper; however, they have low efficiency conversion. Table 2.4 and Figure

2.26 illustrate the cell conversion efficiency of current PV cell technologies [101].

Table 2.4: Solar cell efficiency of different technologies.

Solar Cell Technology Cell Efficiency %
Multi-junction cells 31.1-44.7
Single junction GaAs 26.4-29.1
Crystal Silicon cells 20.4 -27.6
Thin Film 13.4-233
Emerging PV such as Organic 8.6-17.9
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Figure 2.26: Best research solar cell efficiencies [101].

The power electronics efficiency depends on the topology of the PV system. There are
two commonly used power electronics topologies: single-stage and two-stage. The PV
system uses a single conversion unit (DC/AC inverter) in single-stage topology, whilst it
uses a two conversion unit in two-stage - DC/AC inverter and DC/DC converter - to boost
the DC PV output voltage and track the maximum power point. The DC/AC inverter in
both topologies is used to interface the PV system to the load or grid. However, it is also
used as an MPPT in single-stage topology and it delivers the maximum power into the
grid with high efficiency, low cost and smaller size. Two-stage PV system topology is less
efficient, has a larger size and higher costs due to the need for two conversion units and
transformers in some cases. Conversely, higher PV array voltage is not essentially needed
in two-stage topology because of the amplification stage. The PV modules are also
decoupled from the output power ripple in this stage and allow the system to operate under

a wide voltage range.

The relationship between the PV output power and current characteristics are nonlinear

and can be affected considerably by temperature and solar irradiance. A Maximum Power
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Point Tracker (MPPT) is necessary to solve this problem and ensure the PV system
generates the maximum available power. The MPPT technique is significant to PV system
overall efficiency, especially during partially shaded conditions. Using a conventional
MPPT such as hill-climbing, incremental conductance and ripple correlation during
partially shaded conditions can cause considerable loss of photovoltaic output power

[102].

2.13.5 Grid Code Requirement for PV
Grid-connected PV installations have grown dramatically in recent years and PV systems

from a few kW to multi-MW are now considerably penetrated in distribution systems.
This trend makes solar generation based on photovoltaic technology a significant source
of Distributed Generation (DG) and a series of standard requirements and regulations

should be provided in order to ensure system reliability and safety.

PV design and operation should be compatible with grid requirements and regulations. In
power systems with high PV penetration, grid requirements play a significant role to
ensure system security and reliability, and frequent updating in PV regulations are highly
recommended to enhance the PV technology in power systems. Great efforts have been
made globally to impose several standards for PV grid-connection requirements that can
be applied by different countries and regions. However, local system operators impose

local requirements in most countries.

The IEEE (Institute of Electrical and Electronic Engineers), IEC (International
Electrotechnical Commission) and Electronic and Information technologies of DIN and
VDE in Germany (the dominant PV market until 2012) are the most relevant international
organisations developing and imposing global standards for PV grid-requirements [27].
In recent years, IEEE 1547 and IEC 61727 are the most important and commonly used
standards to regulate PV grid-connections in European and US markets. Nowadays, IEEE
1547-2003 [103], the Standard for Interconnecting Distributed Resources with Electric
Power Systems, is used as an interconnection standard for all DG technologies. IEEE 1547
deals with the testing and technical specifications for the DG interconnection. The IEEE

1547 standard focuses on general requirements and covers power quality, response to
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abnormal conditions, islanding requirements, design and production requirements and
other issues. This standard is applicable for interconnection at typical distribution levels
(medium voltages) and it also considers low voltage levels of distributed networks. The
IEC 61727 standard, called Photovoltaic (PV) Systems-Characteristic of the Utility
Interface, published in December 2004, sets requirements for PV systems’ standard
interconnection to utility distribution systems [104]. The IEC 61727 standard agrees with
the IEEE 1547 in the most critical issue of PV connection, which is anti-islanding
detection. Table 2.5 gives highlights of the IEEE 1547 and IEC 61727 regulation

standards.

Table 2.5: Highlights of IEEE 1547 and IEC 61727 regulation standards.

Standard Requirement IEEE 1547 IEC 61727

Voltage Range and Disconnection V <50% 0.16s  V<50% 0.1s

Time for Voltage Variations 50%<V<88% 2.0s 50% <V <85% 20s
110% <V <120% 1.0s 110% <V <135% 2.0s
V>120% 0.16s V=>135% 0.05s

Frequency Range and Disconnection 593 <f<60.5Hz 0.16s f+1Hz 0.2s

Time for Frequency Variations

Harmonic Current (order-h) Limits h <11 4.0%

11<h<17  2.0%
17<h<23  1.5%
23<h<35 0.6%
h>35 0.3%
Note: Even harmonics should be < 25% of the odd
harmonic limits listed here.
Total Harmonic Distortion (THD) 5.0%
DC Current Injection < 0.5% of rated RMS < 1.0% of rated RMS
current current

In the UK, the Distribution Network Operator (DNO) should agree any connection to local
distribution networks to ensure system safety, performance and quality of supply. G59/2
and G83/2 are engineering recommendations for connection. Grid connection regulation
standards in the UK are summarised in Table 2.6 [105]. Each PV installation in the UK
should be approved by the UK MCS (Microgeneration Certification Scheme), which is

the certification mark for onside sustainable energy technologies.
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Table 2.6: UK distributed generation standards guide.

Standard Description

G83/2 Recommendations for the connection of small scale
embedded generators (typically < 16 Ampere per phase) in

parallel with public low voltage distribution networks.

G59/2 Recommendations for the connection of generating plant to

public electricity suppliers’ distribution systems.

G75/1 Recommendations for the connection of embedded
generating plant to public distribution systems ( > 20 kV) or
with outputs ( > SMW).

ETR113 Notes of guidance for the protection of embedded generating
plant up to 5 MW for operation in parallel with public

electricity suppliers’ distribution systems.

2.13.6 PV Payback Time
PV energy payback time (PV-EPT) is defined as the number of years that the PV system

must operate to recover the energy spent in manufacturing. All the energy generated after
the payback time is new energy. PV-EPT has dramatically decreased over recent years
and studies show that the EPT for crystalline silicon PV systems is between 1.5 and 2.5
years, whilst it is 1 to 1.5 years for thin films [106].

Economic payback time is defined as how long an investment takes to repay the initial
outlay. With photovoltaic technology, the sunnier the climate, the quicker the PV system
will pay itself back. Local authorities or the government may provide promotions and
incentives to encourage investment in PV such as FIT and ROC (Renewable Obligation
Certificate) in the UK. As of the end of November 2015, the UK’s overall PV cumulative
installed capacity exceeded 8.4 GW according to the Department of Energy & Climate
Change in the UK. However, the international energy Agency (IEA) said that the future
for UK renewables such as solar-PV is less optimistic that it was a year ago because of
uncertainty over government policy after their recent announcement about changes to

renewable subsidies [107].
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Banks may also offer loans with low interest rates to install PV units. The payback time
can be calculated using a discount cash flow analysis. In 2010, 10 to 20 years was the
economic payback time for an investment in a PV system installation [108]. In recent
years, the cost of PV systems based on solar energy has decreased steadily; the average
price per watt of a PV module decreased by 65-70% from 2009 to 2013 (IRENA). When

the PV installation cost decreases, the economic payback will also decrease.

2.14 Conclusions

In recent years, there has been significant concern regarding increasing the penetration of
renewable generation in power systems to reduce greenhouse gas emissions and meet
renewable energy portfolio targets. Solar energy based on photovoltaic technology is one
of the main renewable resources in distribution networks and there is rapid growth in
utilising PV as an alternative power producer. There has been significant development in
the photovoltaic industry in the last few years and 140 GW was installed in just the last
four years compared to around 40 GW installed beforehand. The year 2014 was a historic

year for the PV industry as the total cumulative installed capacity exceeded 178 GW.

This chapter discussed the history of solar energy and the evolution of the photovoltaic
industry. The potential and benefits of PV were also discussed and the dramatic increase
in photovoltaic installed capacity in Europe and various countries was investigated.
Environmental and economic issues related to PV were also discussed in this chapter and
compared to conventional power plants. Current photovoltaic technologies were presented
and how a PV system works was illustrated. PV cells, modules and arrays were
investigated and the differences between them highlighted. The impact of solar irradiance
and temperature on PV system operation was discussed in this chapter, as well as the
necessity of using a Maximum Power Point Tracker (MPPT) to get the maximum
available power. The hill climbing MPPT technique was investigated and its advantages
and disadvantages were mentioned. Various challenges and barriers to enhancing

photovoltaic technology in power networks were also discussed in this chapter.
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CHAPTER 3 Wind Energy

3.1 Introduction

In recent years, demand for electricity has grown yearly due to modernisation, automation
and economic growth, and it is expected to double by the year 2050 [73]. It is important
to increase power generation capacity to meet this rapid increase in demand and to reduce
carbon footprints at the same time. Decreasing greenhouse gases is a global environmental
concern and several countries have agreed to the Kyoto Protocol [5], setting reduction
targets such as an 80% reduction in greenhouse gas emissions by 2050 in the UK [109].
Low carbon technologies such as wind power will make a significant contribution towards
meeting these reduction targets. Many countries have come up with several policies and
regulations to increase renewable energy, such as the Renewable Electricity Standard
(RES) known as the Renewable Portfolio Standard (RPS). The RPS is designed to increase
renewable generation in the power sector and it sets a minimum requirement and

percentage for providing electricity from renewable resources by a certain date/year [110].

Among the many renewable resources, wind power is one of the most promising and
competitive generating source due to its mature and advanced technologies. Wind power
generation has increased substantially in recent years and it has now become a mainstream
option for new power generation. More than 90 countries around the world have installed
commercial wind power generation, with more than 318 GW of total installed capacity at

the end of 2013 which represents around 3% of total power generation globally [111].

The wind power industry has developed dramatically and wind power is now the least
costly technology for new capacity in power systems and prices continue to decrease. It is
estimated that wind power generation could reach 2 TW by 2030 and this capacity could
be doubled by 2050, as illustrated in Figure 3.1. This trend could provide 25-30% of the
global power supply [111]. The electricity sector is responsible for around 25% of total
greenhouse gases and 40% of total CO» emission is produced from burning fossil fuels. It

has been shown [111] that wind power could also save more than 3 billion tonnes of CO>
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per year. All these numbers show how important wind power generation is to the power

sector.

GLOBAL CUMULATIVE WIND POWER CAPACITY
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New Policies scenario
Mw 318128 396311 610,979 964,465 1,324,814 1,684,074
TWh/a 620 972 1,499 2,535 3,482 4,426

Moderate scenario
MW 318,128 413,039 712,081 1,479,767 2,089,261 2,672,231
TWh/a 620 1,013 1,747 3,889 5491 7,023

Advanced scenario
Mw 318128 420,363 800,615 1,933,989 3,024,473 4,042,475
TWh/a 620 1,031 1,964 5,083 7,948 10,624

Figure 3.1: Global cumulative wind power capacity [111].

3.2 Wind Energy Background

Wind energy technology is not a new technology and has been used since early recorded
history. Windmills were widely used in food production in the Middle East (Arab
countries) and the surrounding areas [112]. The use of wind power increased through
history and in the 1850s, the US Wind Engine Company was established by Daniel
Halladay and John Bumham, who built the Halladay Windmill. James Blyth of
Anderson’s College, Glasgow (now known as the University of Strathclyde), built the first
windmill used for electricity generation in Scotland in 1887. Danish scientist Poul La Cour
built a wind turbine in 1891 to produce electricity and converted his windmill into a
prototype power plant to light Askov Village. The dramatic developments in generator,
motor and electric appliances designed by Edison, Tesla and others increased the
improvement of wind power, especially for remote locations. In 1888, 12 kilowatts of
Direct Current (DC) for battery charging at variable speed was produced by the Brush
wind turbine in Cleveland [113]. In the late 1890s, windmills became even more efficient

due to the invention of steel blades. Total wind power in Denmark reached 30 MW by
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1900 and this was a record in that era. The developments in wind power continued and in
the 1940s the largest wind turbine was in operation on Vermont Hilltop, generating 1.25

MW to feed a local utility network.

In the 1970s, research was carried out into power generation by wind turbines due to an
increase in oil prices. Variable speed wind turbines tied to an AC grid were developed in
the early to mid-1970s and became a viable reality [114]. Larry Viterna and Bob Corrigan
developed ‘The Viterna Method’ in 1981 and this method became one of the most
common methods used to predict wind turbine performance. Since then, wind power
technology has continued to develop and several countries have increased their incentives
to use this technology for power generation. Nowadays, wind power technology is one of
the main electric power resources and it has increased dramatically to ensure sustainable
development. The largest wind turbine came online in January 2014. It is known as Vestas
V164 and can generate up to 8 MW. The largest onshore wind farm in 2014 was Alta (Oak
Creek-Mojave) in the US, with a 1.32 GW capacity, and the largest offshore wind farm is
London Array in the UK, with a 630 MW capacity. Figure 3.2 shows the increase in the

size of wind turbines since 1985.
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Figure 3.2: The increase in the size of wind turbines since 1985 (Source: UpWind,
2011).
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3.3 Wind Power Potential and Benefits

According to the Global Wind Energy Council (GWEC) [115], the number of operating
wind turbines globally was 268 thousand at the end of 2014 and there is now around 22
MW installed capacity of wind power per 1000 km of land area in Europe. Wind power
has increased rapidly and many people are in favour of it; around 89% of European
citizens agree with it according to a 2011 poll. Wind power produces 17-39 times as much
energy as it consumes, compared to 11 times for coal and 16 times for nuclear power
plants. These benefits and others make wind power promising and a potentially great

source of electricity.

Wind energy grown immensely over the last decade and the global cumulative installed
capacity in 2014 was approximately 49 times the total capacity of the year 1997 (see
Figure 3.3). From 2009 to 2014, the annual installed capacities in the world were at
historical records in the wind power industry, at 35-51 GW per year, as shown in Figure
3.4. This wind energy growth trend is expected to continue in the short and long term in

many countries around the world (See Figures 3.5 and 3.6 for short and long term growth

respectively).
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Figure 3.3: Global cumulative installed wind capacity from 1997 to 2014 [116].
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Figure 3.4: Global annual installed wind capacity from 1997 to 2014 [116].
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Figure 3.5: Short term expected growth in wind power by region [117].
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REGIONAL BREAKDOWN: ADVANCED SCENARIO
OECD Asia Pacific 4% OECD North America 21%

\

China 26%

Latin
America
5%

Non-OECD Asia 7%

OECD Europe 20%
India 8%

Eastern Europe / Eurasia 496 Africa 4%
Middle East 1%

2020 2030
OECD North America 173,684 399,912
Latin America 32,680 104,103
OECD Europe 225,577 386,017
Africa 20,955 86,012
Middle East 1,333 14,165
Eastern Europe / Eurasia 24,748 75,669
India 55,872 154,207
Non-OECD Asia 16,033 137,231
China 230,048 497,505
OECD Asia Pacific 19,686 79,169
Global Total/ MW 800,615 1,933,989

Figure 3.6: Long term expected growth in wind power by region (advanced scenario)
[118]; OECD is Organization for Economic Cooperation and Development.

As mentioned, these trends are due to several advantages and according to the
International Energy Agency (IEA), wind is the second largest renewable energy source
after hydro power. Wind helps in reducing CO; emission considerably and it is one of the
most abundant forms of renewable energy. Wind energy is a clean and environmentally
friendly source of energy and it does not emit undesirable greenhouse gases. Wind power
is also an inexhaustible and free source of energy compared to fossil fuels and other
conventional sources. The increase in wind energy penetration in power systems is ideally

meant to decrease fossil fuel dependency and the risk of rapid increases in fuel prices.
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Indeed, wind generating units have become more competitive compared to conventional
power plants in recent years. The cost of wind power units is rapidly decreasing and this
will continue due to dramatic improvements and developments in the technology.
Compared to conventional power plants, wind power has lower operating and
maintenance costs. The wind power industry also has another significant benefit, namely
it creates new jobs. Around 670,000 people worldwide were employed by the wind power
industry in 2011 [119]. The economy in rural areas, where most wind farms are located,
can obtain great benefits through the building of wind turbines on existing ranches and
farms. Wind turbines on these sites only occupy a small fraction of the land and the rest
of the land can be used by farmers. The farmers (land owners) can also get payments for

renting this space to wind turbine owners.
3.4 Environmental Impact of Wind Power

Wind power does not produce CO> during its operation and thus it is a ‘carbon neutral’
technology. However, it is not a 100% carbon free technology for power generation since
it releases CO; emissions during its lifecycle, such as during manufacturing, construction,
maintenance and decommissioning. Each power generation technology unit has a carbon
footprint and this carbon footprint can be described as the total amount of CO2 and other
greenhouse gas emissions produced over the full unit’s lifecycle. It is expressed as the
gCOzeq/kwh grams of CO» equivalent per kilowatt hour of power generation.
Notwithstanding, wind power has one of the lowest carbon footprints. In recent years,
lifecycle assessments indicate that there is a slight difference between the carbon
footprints of onshore (4.64 gCOzeq/kwh) and offshore wind power plants (5.25
gCO2eq/kwh) [120]. The manufacturing process of onshore and offshore wind units is
almost the same but the transportation and foundations are different. The difference
between their carbon footprints comes from the larger foundations (concrete) that offshore
requires. Conversely, a conventional power plant such as that of coal emits 1000
gCO2eq/kwh. This means that the emission of carbon dioxide from a coal power plant is
around 200 times that emitted from a wind power plant. Therefore, wind power integration

in the power sector could help tackle climate change, reduce greenhouse gases and meet
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global targets. According to the International Energy Agency (IEA), the
Intergovernmental Panel on Climate Change (IPCC) and the American Association for
the Advancement of Science (AAAS), CO2 and other greenhouse gas emissions must be
reduced in less than a decade and countries must meet the target of the global mean
temperature increasing by 2°C, as signed by 192 member governments of the UNFCCC

(United Nations Framework Convention on Climate Change).
3.5 Economic Potential of Wind Energy

The recent technical and technological developments in wind power generation have
reduced the cost of wind energy and it is now lower in cost than most new conventional
power plants, according to the Wind Energy Foundation (WEF). Wind power has become
cost competitive with new natural gas power plants due to governments’ renewable energy
subsidies and this has promoted wind energy in global power sectors. However, the UK’s
government plans recently to end new public subsidies for onshore wind generation
fromlst of April 2016 by legislating to close the Renewables Obligation to new onshore
wind farms [121]. The cost reduction of wind power per kilowatt is expected to continue
according to the GWEC, as illustrated in Figure 3.7 [111]. Government support and
various financial incentives have been applied to promote renewable energy resources in
power systems, such as the Renewable Obligation Certificate (ROC) and Feed in Tariff
(FIT) in the UK. According to the International Energy Agency (IEA), there is expected
to be a reduction in wind power cost of between 1% and 6% per year until the year 2030

[122].
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Figure 3.7: Specific cost reductions per kilowatt installed [111].
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Wind power prices depend on economic incentives and the wind unit manufacturing
process. Manufacturing process costs are related to the costs of raw materials such as iron,
steel, copper, glass and fibre, which are the main materials of wind turbine parts such as
wind blades, Nacelles, towers and others. Additional costs may include the connection of
offshore wind power plants such as HVDC (High Voltage Direct Current) power
electronic converters and HVDC cables. Unlike conventional power plants, wind power
technology requires almost no operating and maintenance costs. Wind power technology,
particularly offshore, requires HVDC links and this encourages new investment in HVDC

which is valued at billions of dollars.
3.6 Wind Power Growth

At the end of 1997, the world’s total cumulative wind installed capacity was 7.6 GW.
Three years later, the growth in wind power capacity was doubled and this was followed
by a steady rise until 2005. In 2005, the global cumulative wind capacity was 59 GW and
two years later it increased by around 62%. Since 2007 wind power capacity has
considerably increased, approaching a historic record of more than 283 GW in 2012. Wind
power provides clean and affordable energy to many countries around the world and it is
now becoming the second most important renewable source just after hydro power. This
growth trend in wind power generation continued in 2014 and the world’s cumulative
wind installed capacity exceeded 369 GW [116]. Around 51 GW were installed in 2014
and this growth is considerably higher than the installed capacity in 2013, when around
35 GW were installed. The top 10 leading wind power markets in the world at the end of
2014 are shown in Table 3.1. The world’s cumulative wind installed capacity shares by
the end of 2014 are illustrated in Figure 3.8 and the continental shares according to the

GWEC in 2014 are shown in Figure 3.9.
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Table 3.1: Leading wind power markets in terms of added capacity in 2014.

Country Added capacity in 2014 (MW) Percentage (%)
China 23196 45.1
Germany P— 5279 10.2
US B 4854 9.4
Brazil 2472 4.8
India —— 2315 4.5
Canada [ BN | 1871 3.6
United Kingdom == 1736 3.4
Sweden R 1050 2.0
France 0B 1042 2.0
Turkey 804 1.6
Rest of the World < 2042 13.3
Total 51473 100

Total Wind Cumulative Capacity 369.597 GW

= China

= US

= Germany
Spain

= India

= UK

= Canada

= France

= [taly

= Brazil

= Rest of the World

Figure 3.8: The world’s cumulative installed wind capacity shares by the end of 2014.
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Figure 3.9: The world’s cumulative installed wind capacity shares in 2014.

3.7 Wind Energy in Europe and the United Kingdom

Europe was the world’s leading region over the past few years in terms of cumulative
wind power installed capacity, approaching around 121 GW in 2013. In 2014, wind power
evolution in China and the rest of Asia put Asia at the top in terms of total cumulative
installed wind capacity with around 142 GW, compared to approximately 134 GW in
Europe. Denmark is the top country in wind power generation in terms of the penetration
level of wind energy in power systems, at around 33% in 2013. Moreover, Danish wind
power generation supplied around 42% of electricity demand in Denmark in 2015 [123].
In recent years, Denmark and other European countries, such as Germany and Spain, have
made Europe the leading region in terms of wind participation in the total power
generation in their power sectors. Figure 3.10 shows the penetration level of wind power

in power systems from 2006 to 2011.
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Figure 3.10: Leading countries in terms of wind energy penetration (%) in power
systems from 2009 to 2011.

Installation of wind turbines has increased rapidly in the United Kingdom (UK) due to the
high availability of wind, as well as government support and investment policy. The total
installed capacity in 2008 was around 3 GW and this has increased substantially, reaching
more than 12.4 GW in 2014 [116]. The UK is the leading country in terms of cumulative
offshore wind installed capacity, with more than 4.4 GW. The UK’s cumulative offshore
wind installed capacity is shown in Table 3.2. The largest offshore wind farm is also in
the UK; known as London Array it has a 630 MW capacity. The offshore wind industry
in the UK and the rest of Europe has developed much faster than in other regions. In the

UK, the government’s subsidises for offshore wind farms are twice than that in onshore.
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Table 3.2: The cumulative offshore wind installed capacity in MW from 2011 to 2014.

Position Country 2014 (MW) 2013 (MW) 2012 (MW) 2011(MW)

UK 44943 3653 2947.9 1524.6
Denmark 1271 1271 921 857.6
Germany 1049 914.9 280.3 215.3
— Belgium 713 571.5 379.5 195
“ China 658 389.6 389.6 222.3
“ Netherlands 249 249 249 249
Sweden 212 212 164 164
“ Japan 50 27.3 25.3 25.2
“ Finland 26 26 26 26
Ireland 25.2 252 252 25
Spain 5 5 0 0
Korea 5 5 0 0
Norway 23 23 23 23
Portugal 2 2 2 2
- Total 8761.8 7357.8 5416.1 3315.0

3.8 Current Wind Power Technologies

In general, wind turbines have two configurations which are the Horizontal Axis Wind
Turbine (HAWT) and the Vertical Axis Wind Turbine (VAWT), as illustrated in Figure
3.11. There have been different designs proposed over the years within these
configurations. Both the HAWT and the VAWT have similarities in several components,
such as gearbox and generator, but with various configurations. The VAWT is cross—flow
equipment and it accepts wind from all directions with no need to be oriented into the
wind. Therefore a yaw drive mechanism is not required, unlike with the HAWT. This is
one of the main advantages of the VAWT as a yaw drive is an expensive component in
wind turbine technologies. In addition, the drive train of the VAWT including the gearbox
and the generator etc. is installed at the ground of the turbine tower. This reduces the cost
of maintenance and makes the maintenance easier. On the other hand, the HAWT is most

dominant in the wind industry and commercial applications due to its high power output.
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Most modern wind turbines are HAWTs and they are almost all utility scale wind turbines,
varying from 100 kilowatts to several megawatts. HAWTs can be installed upwind or

downwind, as shown in Figure 3.12.
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Figure 3.12: Horizontal Axis Wind Turbines (upwind and downwind turbines).

Upwind turbines enable the rotor to face the wind first, while downwind turbines pass the
wind to the rotor after the tower and nacelle. The most dominant type in the wind industry
is the upwind rotor due to its higher output power, as downwind machines have fluctuated

output because the rotor passes through the wing shade of the turbine tower.

Wind power technology has progressed considerably over the last 20 years and this

progression has been significantly driven by the increase in physical size of turbines which
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has grown their output power. Wind turbines have been developed dramatically in terms
of rated capacities and typical wind turbines are rated from a hundred kilowatts to
approximately 10 MW. Table 3.3 shows the global top ten wind turbines in terms of rated

capacity.

Table 3.3: The global top ten wind turbines in terms of rated capacity [124].

Rated Hub Rotor Blade
Swept Area
Wind Turbine Manufacturer Power Height  Diameter (m?) Length
(MW) (m) (m) (m)

American Energy .
ot
SeaTitan Technologies 10 125 190 28.353
Available
Company
The Norwegian
Sway ST10 10 90 164 21.124 67
Technology Company
French Energy
Areva 8 90 180 25.446 66
Company Areva
Danish Wind
Vestas V164 8 105 164 21 80
Turbines Vestas
German Company
Enercon E-126 7.58 135 127 12.668 61.5
Enercon
Samsung Heavy
Samsung S 7.0-171 . 7 110 171 23 83.5
Industries

REpower
6.2M152/ Suzlon Group Not
6.2 124 152/216  18.145/36.64 )
REpower Company REpower Available
6.2M/126
Siemens SWT-6.0- )
Siemens 6 120 154 18.6 75

154

Haliade 150 Alstom Haliade 6 100 150 17.86 73.5

Chinese Manufacturer Not
Sinovel SL6000 6 102 128 12.868
Sinovel Available

3.9 Wind Power Systems

Wind turbines can provide clean energy for small or large scale utilities and they can be

installed onshore (on land) or offshore (in water). The main physical components of wind
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turbines are described in Table 3.4 with their relative percentage costs [125]. This is an

example of a REpower MM92 turbine with a 100 m tower and 45.3 m blade length.

Table 3.4: The main components of wind turbines and their percentage of overall cost

[125].
Component Description % of cost
Tower It is made from steel and its length ranges from 40m to more than 100m. 26.3

They are made from composite materials. Usually a combination of glass, fibre,
Rotor Blades epoxy resin and carbon can be added to increase strength and stiffness. Their 222

length can be varied to more than 60 m.

Rotor Hub It is made from cast iron. Its function is to hold the blades in position as they turn. 1.37

Rotor There are many bearings in the turbine and they should withstand the varying e
Bearings forces and loads produced by the wind.

Main Shaft Its function is to transfer the rotational force of the rotor to the gearbox. 1.91

It should be strong enough to support the entire turbine drive train but not too
Main Frame . 2.8
heavy. It is usually made from steel.

Its function is to increase the low rotational speed of the rotor shaft in several
Gearbox ) . . 12.91
stages to the high speed required to drive the generator.

The main function of the generator is to convert the mechanical energy into
Generator ) 3.44
electrical energy.

Yaw System It is a mechanism to rotate the nacelle to face the change in wind direction. 1.25
Pitch System This system controls the blades’ angle to achieve the best performance. 2.66
Power It converts direct current from the generator into alternating current to be .
Converters connected to the ac grid. :
It converts the electricity from lower voltage at the turbine to higher voltage
Transformer . 3.59
needed by the ac grid.
Brake
Brakes the turbine when needed. 1.32
System
Nacelle o . . . .
It is a lightweight glass fibre box that covers the turbine’s drive train. 1.35
Housing
(6F:1)) () It is used for electric connections. 0.96

They are used to hold the main components in their position and they should be
Screws ) 1.04
able to withstand extreme loads.

are known as the lift type, blades or aerofoils. This design uses the aerodynamic properties

of the aerofoil profile to produce lift force to rotate the blades when the wind is blown
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over them. Most wind turbines have either two or three blades; the blades’ rotation causes
the rotor to spin. To control the rotor speed, protect the rotor from high wind speed and
produce sufficient electricity, a pitch system turns or pitches the turbine blades by several
degrees. For effective power control, the required variations in the pitch system are
typically from 0° to 35°, and for aerodynamic braking purposes the blades can be pitched
up to 90° [126]. A low speed shaft (main shaft) is coupled with the rotor and it rotates at
around 30-60 revolutions per minute (rpm). The gearbox connects the low speed shaft to
the high speed shaft and increases the rotational speed to around 1000-1800 rpm, as
required to drive most generators to generate electricity. The gearbox is a heavy
component in the wind power system and it has a relatively high cost. However, it is not
required in Direct Drive Generators because they can operate at lower rotational speeds.
The generator converts the mechanical energy into electricity; it can be synchronous or
asynchronous (induction). The transformer increases the voltage for transmission to a
substation and increases again in the substation for transmission over long distances and

the ac grid.
3.10 Wind Generation Characteristics

The wind turbine output power (Py) is a function of the wind speed (vw) and it is given

by the fundamental Equation (3.1).

B,=-pAC,v (3.1)

T2
Where p is the air density (1.225 kg/m?), A is the turbine swept area and C,, is the power

coefficient which is a function of both tip speed ratio (A) of the machine and the blade
pitch angle (P), as illustrated in Equation (3.2) [127].

1 -
Cp =5 (A-0022p%-56)e 0.174 (3.2)
The power coefficient is defined as the ratio between the power extracted from the wind

to the total available power, as shown in Equation (3.3).

C. = Power Extracted from the Wind _ Power Extracted

p Total Available Power B %p Av3,

(3.3)
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The power coefficient is proportional to the ratio of the turbine rotational speed to the
wind speed known as tip speed ratio (1), as shown in Equation (3.4).

1= ©R (3.4)

Vw

Where o is the rotational speed and R is the rotor radius. The relationship between the
power coefficient and the tip speed ratio can be varied by a change in the design of the
blades. Contrary, Albert Betz found that the maximum possible value for the power
coefficient Cp, is 0.593, known as ‘Betz Limit’. The relationship between the tip speed
ratio and C,, is described by the C;, — A curve and it can be varied by different wind turbine
designs. The C, — A curve under various pitch angles f is illustrated in Figure 3.13. Note
that the maximum C, achieved by this wind turbine is around 0.45 at A = 6 and the pitch
angle B = 0. The power coefficient is low at both low and high speed ratios. Therefore, the
ideal operation of a wind turbine can be achieved if the turbine operates at all wind speeds

at a tip speed ratio A in which area gives the maximum Cp,

05— —————— e,

04 ————

Beta_Sdeg

Power Coefficient (Cp)

Tip Speed Ratio (Lambda)

Figure 3.13: The Cp — 4 curve under various pitch angles p.
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The power output of a wind turbine is proportional to the cube of the wind speed vw and
the relationship between them is described by the ‘power curve’ of a wind turbine, as
shown in Figure 3.14. The typical values of most wind turbine manufacturers for cut-in,

rated and cut-out speeds are 3-5 m/s, 14-15 m/s and 20-25 m/s respectively [128].

Power (kW)
A Rated-output Speed Cut-out Speed

Y

Rated-output Power

‘\\\

The Power Curve

Cut-in Speed

35 14 25 Wind Speed (m/s)
Typical Wind Turbine's Power Curve

Figure 3.14: The power curve of a typical wind turbine.

Each component of the wind turbine should be designed optimally to extract as much
power from the wind as possible. The operation modes of the wind turbine, whether it is
constant (fixed) or variable rotational speed, can affect the extracted power. For fixed
speed operation mode, the rotational speed is maintained constant but the tip speed ratio
A varies continuously. However, in variable speed operation mode the turbine operates at
variable speed and a constant tip speed ratio is maintained, which is needed to obtain the
maximum power coefficient. The fixed speed wind turbine is simple and well proven but
it has uncontrollable reactive power consumption and limited power quality control. In
recent years, the most common operation mode is variable speed because it improves the
dynamic behaviour of the wind turbine and the power output of the variable speed wind

turbine is much higher than that of fixed speed turbines [129].

In general, a wind turbine goes through two energy conversion stages; the blades and the
rotor convert the kinetic energy into mechanical energy and the generator converts the

mechanical energy into electrical energy, as shown in Figure 3.15.
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Figure 3.15: Energy conversion stages in wind turbines.
Three different wind generator concepts are currently used in the wind power industry.
Early wind turbines used fixed speed induction machines (generators) to generate
electricity, for simplicity. However, the induction machines could be used in variable
speed mode and Doubly Fed Induction Generators (DFIGs) have been deployed and
developed in recent years. DFIGs use a frequency converter to actively control the rotor
currents and magnetic field. This allows the wind turbine to operate at variable rotational
speed up to 30% [126]. Permanent Magnetic Synchronous Generators (PMSGs) or a
synchronous machine with fully rated converters have recently been developed and allow
the generator to be completely decoupled from the network frequency. They also have
reactive power controllability. This section will highlight the operational theory behind
Fixed Speed Induction Generators, Doubly Fed Induction Generators and Synchronous

Generators with Fully Rated Converters.

3.10.1 Fixed Speed Generators (Induction Machines)
Induction machines can be classified into two categories: squirrel cage and wound rotor.

The squirrel cage induction generator belongs to the fixed speed operation mode field in
the wind turbine industry and it was the most dominant generator in the market ten years
ago. It has independent rotor winding which is completely isolated from any electrical
connection. The currents flowing in the stator windings at start-up produce a magnetic
flux that induces a voltage into the rotor winding. This induced voltage results in a current
being allowed to flow in the short circuited rotor windings. A second magnetic flux will
be produced by the current passing and it opposes the stator magnetic flux. This will

produce the generator torque. Since the rotor is driven by the wind turbine rotor (prime
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mover), the generator torque acts against the input torque. The generator torque is directly
proportional to the active output power of the generator. The required magnetising flux
for the rotor windings can be obtained by adding a reactive component to the stator
currents. This ensures that a current is always flowing in the rotor windings. The rotational
speed of the rotor @, must not equal the synchronous speed of the generator s and the
relationship between them can be defined by the machine slip, as shown in Equation (3.5).
When the slip is negative, i.e. the rotational speed of the rotor is greater than the

synchronous speed, the machine operates as a generator, and vice versa for the motor.

Ws— Wy

slip (s) = (3.5)

N

The squirrel cage induction generator (SCIG) has been used widely in the wind power
industry in the past and it was used in fixed (constant) speed wind turbines. The blades
are connected to the turbine hub and it is coupled to the gearbox, and then to the induction
generator. The turbine speed is controlled by the torque vs speed characteristics of the
squirrel cage induction generator. The SCIG is robust and has a lower cost compared to
variable speed wind generators. It also provides stable frequency control due to its fixed
speed operation mode. However, the squirrel cage induction generator always requires
reactive power support because the field circuit is not separated and there is no direct
control for reactive power [126]. The reactive power is usually compensated by capacitor
banks and this increases the total cost of the wind turbine. Torque pulsations due to large
power variations can also result in gearbox failures, the gearbox being an expensive
component in wind turbines. The basic structure of the fixed speed squirrel cage wind

generator is illustrated in Figure 3.16.

- / G| - - — AC
.( Gearbox | _-lﬁg o
TIT

Induction Generator Capacitor Bank

Figure 3.16: Fixed speed wind turbine generator.
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3.10.2 Variable Speed Wind Turbine Generators
The main feature of variable speed generators is that the wind turbine operates for a wide

range of wind speeds at the optimum tip speed ratio, and hence at the optimum power
coefficient. Therefore, the energy captured from the wind is maximised, particularly in
wind conditions below the rated wind speed. Variable speed generators have flexible
controllability and different parameters can be controlled such as terminal voltages, active
reactive powers, torque and frequency. This type of wind turbine generator can also
provide reactive power support and frequency regulation, which are necessary in remote
locations and offshore wind farms. In addition, power electronic converters which are used
in variable speed wind generators to control the generator parameters are becoming
cheaper and more reliable. Variable speed wind generators have been used extensively in
the last few years for these reasons and they also offer less variations in output power
because the larger rotor inertia makes the fluctuations in wind speed smoother and thus
reduces voltage flicker problems. This thesis is based on variable speed wind generators

for the aforementioned reasons.

Variable speed wind generators are of two types: ac induction generators and ac
synchronous generators. Both types use power electronic converters in their control
structure. The first type is known as the Doubly Fed Induction Generator (DFIG) and the

second is known as the Synchronous Generator with Fully Rated Converters or PMSG.

3.10.2.1 Doubly Fed Induction Generator (DFIG)
The Doubly Fed Induction Generator (DFIG) is one of the most common wind generators

based on variable speed operation mode. The induction generator in the DFIG concept is
directly connected to the ac grid at the stator terminals. However, the rotor windings are
connected to the ac grid via variable frequency AC/DC and DC/AC back to back power
electronic converters. These converters are based on insulated gate bipolar transistors
(IGBTs). Controlling these converters when the wind speed changes helps in changing the
rotor flux rotation from a sub-synchronous to a super-synchronous speed. So the DFIG
can generate constant-frequency power by controlling the rotor flux [130]. These power
electronic converters which are connected to the rotor terminals only require production

of a fraction (typically 25-30%) of the total generated power by the DFIG to achieve full
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control of the generator. This power is the rotor power that the DFIG can produce by the
rotor (P;), and the total power generated (Py) which is delivered to the ac grid is the
summation of the rotor power and the stator power (Ps), as described in Equation (3.6). A

DFIG based on wind energy is shown in Figure 3.17.

P,= P+ P (3.6)

Ps, Q
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Figure 3.17: DFIG based on wind energy (general structure).

As shown in Figure 3.17, the main components of the DFIG are a prime mover (wind
turbine), gearbox, a wound rotor induction generator and two back to back four quadrant
power converters. The crowbar is used here to protect the rotor side converter (RSC) from
overcurrents during grid faults. A rotor side converter (RSC) is used to control the active
and reactive powers on the grid point independently while a grid side converter (GSC)

controls the DC link voltage (Vpc) and maintains it at a certain value.

The stator and rotor voltages of the DFIG can be expressed in the stationary frame as

follows:

. A
Vsabe = Rs lsape + %bc (3-7)
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. dArabc
Viabe = Ry lrape + dtb (3.8)

The dynamic model of the DFIG can be expressed in terms of two axes (dq axes) known

as the synchronous reference frame, as shown in Figures 3.18 and 3.19.

Vas @ diar/dt Lim dhar/dt Var

Figure 3.18: d-axis DFIG dynamic model.

© A ©s — Or) har
ds Li Lu ( r) har

R

Vas @ digs/dt Lm diqr/dt Var

Figure 3.19: g-axis DFIG dynamic model.

The stator voltage equations become:

Vas = Ry lgs — @ Ags + 2% (3.9)
Vis = Ry lgs + @ Ags + =2 (3.10)
The rotor voltage equations are:

Var = R lar — (@5 — @) Agr + 22 (3.11)
Vir = Ry Igp + (@5 = @) Ay + 22 (3.12)
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Where Vs, lgs and Ags are the stator voltage, current and flux linkage respectively in the
d-axis while Vs, Igs and Ags are the stator voltage, current and flux linkage respectively
in the g-axis. Var, lar and Agr are respectively the rotor voltage, current and flux linkage in
the d-axis while Vg, I4r and Aq are the rotor voltage, current and flux linkage respectively
in the g-axis. Rs and R, are the stator and rotor resistances respectively. The rotor speed
is or while s is the rotational speed of the synchronous reference frame.

The flux linkage equations for the stator are:

Aas = Liglas + Ln(Igs + Iar) = Lglas + L Lar (3.13)

Ags = Lislgs + Lig(Igs + Igr) = Lglgs + Ly Iy (3.14)
While the flux linkage equations for the rotor are:

Aar = Ly lar + Lin(las + lay) = Ly las + Ly lgy (3.15)
Agr = Liplgr + Lin(lgs +1gr) = Lip Igs + Ly Iy (3.16)

Where Lis and Ly are the stator and rotor leakage inductances, and the magnetising
(mutual) inductance is Lm. Ls = Lis+ L is the self-inductance. The frequency of the rotor
current o.f must satisfy the slip frequency constraint in order for the rotor mmf to be in

synchronism with the stator mmf.

Wrf = Wg — Wy =S W (3.17)
The per unit electromagnetic torque (Te) is given by the following equation:

Te = Aas lgs — Ags las = Agr lar — dar lgr = L Ugslar — laslgr) (3.18)

By neglecting the power losses in the stator and rotor resistances, the active and reactive

powers for the stator and the rotor are given by:
Py = 3/5 (Vas las + Vas Igs) (3.19)

Qs = 3/ Vs lus — Vas Igs) (3.20)
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P = 3/2 Var lar + Var Iqr) (3:21)

Qr = 3/2 (V;qr lar — Var Iqr) (3.22)
Modelling the power electronic converters:

There are two power electronic converters: the Rotor Side Converter (RSC) and the Grid
Side Converter (GSC). The RSC is responsible for controlling both the stator side active
and reactive powers independently while the GSC function is to keep the DC link voltage
(Vpc) constant (fixed), regardless of the magnitude and direction of the rotor power. The
GSC can also control the reactive power and this also shows the importance of RSC and

GSC controllability to provide reactive power, especially in remote areas.

1- Modelling of RSC
The RSC control scheme has two cascaded control loops: inner current control loops and
outer loops. The RSC control scheme is shown in Figure 3.20. The d-axis and the g-axis
rotor current I4 and I can be regulated independently by the inner control loops, while

the outer loops control the stator active and reactive powers independently.
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Figure 3.20: Overall vector control scheme of the DFIG rotor side converter.

The d-axis is aligned with the stator flux linkage As in the stator flux oriented reference

frame, so Adgs= As and Ags = 0. This provides the following equations:

—Lm
Iys = . Igr (3.23)
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Lm
lys = L_s (Ims - Idr)

I _ Vgs— RsIygs
ms Ws Lim

Then,
-3 Lz,
PS = /2 a)s L_s Ims Iqr

Lin
Qs = 3/2 Ws e Ims (Ims — lar)

Var = Ry lgy + 0 L Lar _ (ws — wy) 0 Ly Igr

T oat

dI
— qr
Vor = Ry lgr + 0 Ly "
L3
Whereo = 1 — —
Ls Ly

L
+ (ws - wr) (U Lr Idr + L_s ms)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

Equations (3.26) and (3.27) show that P (stator active power) and Qs (stator reactive

power) can be controlled independently by regulating the rotor current d-q components

I4r and Lar respectively. The reference values of I4: and I4r can be determined directly from

the outer power control loops (Ps and Qs). The inner current control loops are determined

by:

Var = Var1 = Varz
Vqr =Vgr1 — Vqrz
Where

dlgr
dt

Vir1 = Ry lgr + 0 Ly

Virz = (Ws — wp) 0 Ly Iqr

dlgr

Var1 = Ry lgy + 0 Ly =]

L
Vqrz = (w5 — wy) (0 Ly Iy + L_s Lns)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)
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Rewriting Equations (3.33) and (3.35) we get:

algr —Rylgr 1
— = —+ —V, 3.37
dt O'Lr O-LT dril ( )
al =Ry 1 1
qr rlqr
= —+4+ —V 3.38
dt oLy oL, 971 (3.38)

Equations (3.37) and (3.38) show that 14 and I respond to Va1 and Vg1 respectively. It

is then possible to design the following Proportional Integral (PI) controllers:
kir *
Var1 = (kpr + T) Ugr—lar) (3.39)

kir *
Vqu = (kpr + T) (Iqr_lqr) (3.40)
Substituting Equations (3.39) and (3.40) into (3.28) and (3.29) we get:

kir *
Var = (kpr + T) (Idr_ldr) — Sws 0 Ly Iqr (3.41)

kir * L%‘n
Vqr = (kpr + T) (Iqr_lqr) + Sws (U Lr Idr + L_slms) (3'42)

I"q and I'4 are the reference signals of the outer control loops which can be determined

from the control of the stator active and reactive powers respectively.

2- Modelling of GSC
The control scheme of the GSC of the DFIG consists of two cascaded control loops. The
d-axis and the g-axis of the ac side of the GSC I4g and Iqg can be controlled independently
in the inner current control loops while the reactive power exchanged between the GSC
and the ac grid is controlled in the outer control loos. The DC link voltage is also

controlled in the outer control loops.

The ac side equations of the GSC can be written as:

dlgabc -, 1
th = L_jlgabc + L_g (Vgabc — Vsanc) (3.43)
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Where Igabe and V gane are the 3 phase ac side of the GSC current and voltage respectively.
The ac side of GSC resistance and inductance are rg and L respectively. Vsanc is the three

phase stator voltage.

Applying the synchronously rotating reference frame transformation to Equation (3.43)

with the d-axis aligned to the grid voltage vector (V) means Vs = Vgs and Vs = 0. Then:

dl
Vag = Ty lag + Lg—2 = ws Ly Igg + Vs (3.44)
_ dlgg
ng =Ty qu + LQT + wq Lg Idg (345)

The same procedure in the RSC can be used to obtain the Proportional Integral controllers

as follows:
ki *

Vag = (kpg + Tg) (Idg—ldg) —ws Ly Ipg + Vs (3.46)
ki "

Vg = (kpg + Tg) (Iig—I4q) + s Ly Lag (3.47)

The reference values of I"ge and 1”4 can be determined from the outer control loop. The

DC link voltage Vpc can be calculated from:
Pr_Pg = VDC IDC (348)
The feedback loop and the PI controller of I4g is:
* kiv *
Iag = (kpy + ) (Vpe—Vbne) (3.49)

The reactive power exchanged between the GSC and the ac grid can be controlled by the

following equation:

Qg = _3/2 Vas Igg = _3/2Vslqg (3.50)

The GSC control scheme is shown in Figure 3.21.
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Figure 3.21: Overall vector control scheme of the DFIG grid side converter.

3.10.2.2 Synchronous Machines with Fully Rated Converters (PMSG)
Modern synchronous machines with fully rated converters (FRC) in the wind power

industry are either based on direct-drive or geared (with gearbox) turbine generators. The
direct-drive wind turbine uses either an electrically excited or Permanent Magnet
Synchronous Generator (PMSG) and is characterised by a low rotational speed. The
generator needs a high number of poles to generate a high torque and high power. The
higher the number of poles, the larger the size of the turbine. However, the direct drive
turbine requires less maintenance because it does not need a gearbox. The main advantage
of using a PMSG based on a FRC in a wind turbine compared to the DFIG turbine is that
the efficiency is higher, there is no need for brushes and fault-ride through capability is
less complex [131]. It does not require an external current source for excitation as the rotor
magnetic field is naturally created by the rotor magnetic material. Therefore, a PMSG can
be defined as a form of synchronous generator where the rotor magnetic field is created
by permanent magnets. The operation principle of the PMSG is summarised in the

following points:

* The rotation of the generator rotor results in the magnetic field rotation in the
machine relative to the stator windings.
= This leads to a changing magnetic flux linking with the stator winding and then

inducing voltage.
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» The induced voltage causes a current to flow because the stator windings is closed
circuit.

* The current produces a second magnetic flux.

= This produces a torque and then electricity.
The characteristics of a synchronous generator with fully rated converters based on wind
are shown in Figure 3.22. The wind turbine, with or without a gearbox, is controlled with
either an induction generator or a PMSG and connected to the ac grid via fully rated power
electronic converters. As shown in Figure 3.22, the generator is completely decoupled
from the ac grid, which means the power factor can be corrected by the inverter; this
improves the power output quality. This technology can operate under variable wind
operation by enabling the Maximum Power Point Tracking (MPPT) such as pitch angle
control to track the optimum power, particularly when the wind speed is between the cut-

in and rated speeds.

AC
Grid
Synchronous
Generator
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Figure 3.22: Synchronous generator with fully rated converters based on wind
energy (general structure).

All electrical machine models are based on voltage and flux equations. Since the PMSG
does not have equations for the rotor windings because the excitation is provided from

permanent magnets, the dynamic model in a d-q axis frame is represented as shown below,

considering the rotor speed ;. as a reference of the Park Transformation.

The voltage equations:

dAgs
dt

Vds =T IdS — Wy Aqs + (351)
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d2gs

Vgs = Tslgs + wr Ags + ” (3.52)
The flux equations:

Aas = Lg lgs + A, Am is the magnetic flux in the rotor. (3.53)
Ags = Lg Igs (3.54)

From Equations (3.51) — (3.54), the voltage, the current and the torque equations can be

defined as:
Vo= Rslg— oy Lolg + = (3.55)
dlg L
Vo= Rslg+ w, Lglg + wy Ay + Zt 1 (3.56)
dlgs _ Vast Lgswr Igs— Ras lgs (3 57)
at Lgs )
dlgs _ Vgs— Lgswr Igs— Rgs Igs— Wr Am (3 58)
dat Lgs .
3

T, = 719 [as Iqs (Lds - qu) + Am Iqs] (3.59)
dwy
=r]= (Te— Tw) (3.60)

Where o is the rotor speed in rad/s, and V4 and V4 are the equivalent stator voltages in
the d-q axis. The permanent magnet flux linkage is Am and I4 and 14 are the equivalent
stator currents. L4 and Lq are the equivalent inductances of the stator associated with the
d and q axes respectively. Te and T, are the electrical and mechanical torques respectively
while J is the inertia of the rotating components (kg.m?). The number of pole pairs is p.
The power has to remain invariant when transforming from a three phase system (abc) to
a two phase system (dq). Therefore, for a d-q transformation a factor 3/2 times requires
inclusion in the power equations to represent the equivalent power of a three phase system.

Hence, the active and reactive power equations in d-q frame are:

3
Paq = 5 Vg Iq + Valdl (3.61)
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Qag = 7 Vg la — Valg] (3.62)

N | w

1- Rotor Side Converter (RSC)
In a fully rated converter wind generator, the RSC is directly connected to the generator,
as shown before, to control its operation. The control system is usually based on a
synchronous d-q reference frame, where the d-axis is aligned to the rotor flux which is
provided by the permanent magnets. The g-axis is 90° ahead of the d-axis in the direction
of the rotor rotation. Hence, the g-axis current Iq is proportional to the active power (P).

The d-axis is usually assumed to be zero to minimise copper loss.

2- Grid Side Converter (GSC)

The GSC is usually represented in the d-q synchronous reference frame, where the d-axis
is aligned to the grid voltage. Hence, the d-axis current controls the active power whilst
the g-axis current controls the reactive power and ac voltage. The GSC also controls the
DC link voltage through its d-axis current to ensure active power input balances the output
power. The control schemes of the RSC and GSC are illustrated in Figures 3.23 and 3.24
respectively [132]. The power electronic converters of this type of wind generator can be
arranged in different ways. The RSC can be a diode-based rectifier or a Pulse Width
Modulation (PWM) voltage source converter (VSC), while the GSC is typically a PWM
(VSC).
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- +]A
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Figure 3.23: Vector control of the rotor side converter (RSC).
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Figure 3.24: Vector control of the grid side converter (GSC).
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3.11 Wind Speed

The output power of a wind turbine depends considerably on the wind speed and, as shown
in Equation (3.1), the output power is proportional to the cube of the wind speed. This
leads to large variations in output power when the wind turbine operates under low and
high wind speed conditions at the same period of time. Wind speed variation is a critical
aspect in wind power development and industry. The site selection for wind farms and
consideration of wind speed fluctuations are significant in any wind farm project. Wind
speed fluctuations over long and short timescales can have a significant effect on the
design and operation of the wind turbine and the quality of power delivered to the ac grid.
Therefore, it is important to study the wind speed at a specific site before installing a wind
turbine. There is a number of methods that can be used for wind speed to be modelled in
power systems, such as the ARMA (Autoregressive Moving Average) model, MA
(Moving Average) model, Mean Observed Wind Speeds, Markov Chain Model, Normal
Distribution and Weibull Distribution [133, 134]. The most commonly used method to
describe wind speed is Weibull Distribution. Weibull Distribution is a probability density
function of a continuous variable whose integral over a region gives the probability that a
random variable falls within the region. This function can be used to describe different

distribution characteristics by adjusting the parameters ¢ and k. It can be combined with
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the Monte Carlo Simulation Method to give better performance in wind speed modelling

and its results are similar to the actual wind speed profiles.
The expression of an individual Weibull probability density function is given by:

k-1 V.
kv e—(g)k

fv) = v (3.63)

Where f(v) is the probability of occurrence of wind speed v (v>0), the Weibull scale
parameter is ¢ (¢>0) and k (k>0) is the shape parameter. The complementary cumulative
Weibull distribution function CF(v) gives the probability of the wind speed exceeding the

value v and it is expressed as:

CF(v) = e~ @" (3.64)

Therefore, the cumulative probability density function can be calculated as:

F)= 1— e @ (3.65)

Figure 3.25 shows the variations in wind speed with a time resolution of 10 minutes over
several months. The Weibull probability density for this site with a mean wind speed of =
1.25 m/s is illustrated in Figure 3.26. Figure 3.27 shows the cumulative Weibull
probability distribution for this site; the scale parameter ¢ is 1.2903 and the shape
parameter k is 1.2980. Figure 3.28 shows real wind speed data for a five month period (1
of April 2009 at 00:00 to 1* of September 2009 at 00:00) with a time resolution of 10
minutes. Figure 3.29 illustrates the Weibull probability distribution for this site with a
mean wind speed of = 5.8 m/s. The cumulative Weibull distribution for this particular site
is shown in Figure 3.30; the scale parameter c¢ is 7 and the shape parameter k is 1.6748

[135]. From the previous figures, low and high wind speed sites are discussed.
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Figure 3.25: Variations in wind speed with a time resolution of 10 minutes over several

months for a low wind speed site.
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Figure 3.26: Weibull probability density for a low wind speed site.
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Figure 3.27: Cumulative Weibull probability distribution for a low wind speed site.
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Figure 3.28: Variations in wind speed with a time resolution of 10 minutes over several
months for a high wind speed site.
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Figure 3.29: Weibull probability density for a high wind speed site.
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Figure 3.30: Cumulative Weibull probability distribution for a high wind speed site.
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3.12 Impact of Wind Speed Variations

Wind power has an intermittent nature because it depends considerably on wind speed, as
shown before. This leads to difficulties in predicting the total amount of output power
produced by wind turbines and brings great challenges to the integration of large wind
power into power systems. Increased penetration of relatively large wind power into
power networks has changed the nature and dynamics of these networks. Wind power has
an impact on power system reliability and operational security and it is significant to study
the consequences of dynamic interaction between wind units and power systems before

installing a wind farm into an ac grid.

Wind turbines produce power when the wind is blowing and wind speed cannot be
predicted accurately over short periods, minute to minute or hour to hour. Wind speed
variations may cause an increase in the operating costs of the power system as a whole
because the system must maintain an instantaneous balance at all times between load
demand and power generation. In general, the costs associated with maintaining this

balance are known as ancillary services costs.

Wind power generation is characterised by variations in all timescales: minutes, hours,
days, months and years. The impact of wind power on the power system can be divided
into two categories: short term impact and long term impact. Short term refers to balancing
the system on the operational timescale from minutes to hours, and long term refers to
generating enough power in peak load cases. From the literature it is clear that wind speed
variations have an impact on system stability [136, 137], reliability [138, 139], power
quality [140, 141] and reserve [142, 143].

A stable and reliable voltage supply for any electricity market customer is a must as
connection of wind turbines may cause voltage and frequency stability problems. The
intermittent nature of wind power can also affect the quality of the voltage supplied to
consumers. This can be worse if wind penetration levels increase. Power system protection
is also highly affected by wind power because the integration of wind energy injection

may change power flow directions. Thus, conventional protection systems could fail under
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fault conditions. In recent years, new requirements for wind turbine operation have been
implemented in order to keep power systems stable under disturbances, as described in

the grid code requirements section.
3.13 Maximum Power Point Tracking (MPPT)

The wind turbine output power depends on the turbine tip speed ratio (TSR) at a given
wind speed. The maximum power extracted from the wind energy can be obtained at a
particular TSR for a particular wind speed and blade pitch angle. The turbine’s rotor speed
should be changed when the wind speed changes to extract the MPP. Figure 3.31 shows
the wind turbine power for different wind speeds as a function of rotor speed. As
illustrated in this figure, for each wind speed the rotor speed changes to get the maximum
power. To determine the optimum rotor speed to get the maximum power at a given wind

speed, Maximum Power Point Tracking (MPPT) methods can be used.
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Figure 3.31: The wind turbine power output for different wind speeds as a function of
rotor speed.
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MPPT algorithms are classified into three categories: tip speed ratio control (TSR), power
signal feedback (PSF), and Hill-climb search (HCS) based [144]. There are other MPPTs
which have been proposed in recent years, such as look-up table, pitch control, fuzzy logic
control and other neural network optimisation techniques. This thesis discusses only the
pitch control technique which is the dominant type in newly installed wind turbines. When
the rotational speed is constant, pitch angle regulation is necessary, especially if the wind
speed is above the rated wind speed. Small changes in pitch angle can lead to a significant
change in the output power. Pitch control can be used during low and high wind speed
conditions. In low wind speed conditions, pitch control works as an MPPT to extract the
maximum available power. However, it works as a speed regulator during high wind speed
for de-loading purposes and limits the power capture of the turbine above the rated wind
speed. The range of pitch variation needed for effective power control is typically between
0° and 35°. Turbine blades can be pitched up to 90° for aerodynamic braking purposes.
Different artificial intelligence techniques, such as fuzzy logic controller, can be used to
select the required pitch based on the reference power. Therefore, the pitch angle control

can be summarised in the following points:

* Track the maximum available power from the wind turbine when the wind speed
is below the rated wind speed by pitching the blades at their optimum to give
maximum power.

=  When the wind speed is above the rated wind speed, the pitch controller can
regulate the aerodynamic power to prevent input mechanical power exceeding the

design limits.
3.14 Power Electronics Applications

Power electronics applications are significant parts of the variable speed wind industry
and they are essential for fixed speed wind turbines where the system is directly connected
to the ac grid, as power electronics switches such as thyristors are used as soft-starters.
The main purpose of power electronics in wind turbine operations is to match the
characteristics of the wind generator to the grid connection requirements, such as voltage,

frequency, control of active and reactive powers, and harmonics. Power electronics in
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variable speed wind turbines are divided into two categories: wind generators based on a
partial-scale and those based on full-scale power electronic converters. Power electronics
applications have been developed considerably in the last three decades. Advancements
in semi-conductor devices and microprocessor technology have led to developments in
power electronics. These include self-commutated devices such as the insulated gate
bipolar transistor (IGBT), the metal oxide silicon field effect transistor (MOSFET), and
grid-commutated converters which are based on thyristor converters with high power
capacity. Thyristor converters absorb reactive power and do not have the ability to control
reactive power. They are mainly used for very high voltage and power applications such
as conventional HVDC systems. However, self-commutated devices such as the IGBT
with turn-off ability can transfer both active and reactive power in both directions (DC-
AC or AC-DC). They usually use pulse width modulation (PWM) control methods and

can deliver reactive power.

Power electronic converters are used in the wind industry to improve dynamic and steady-
state performances of wind turbines. They can help to control the wind generator and
decouple the generator from the ac grid. The generator of the wind turbine is usually
connected to the ac grid through power electronics converters. For induction generators
with rotor windings, the stator of the generator is connected directly to the grid while the
rotor windings are connected to a power electronics controller resistor or to the grid
through slip rings and a power electronics converter. For a synchronous generator and
induction generator without rotor windings, full rated power electronics converters are
used to connect the stator to the ac grid and the full power can be delivered through these

converters to the grid.
3.15 Challenges of Wind Power

This section will discuss the requirements and limitations of large scale wind power
generation, such as the amount of land needed, the social impact, reliability, wind power

efficiency and grid codes.
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3.15.1 Land for Wind
This section will discuss how much land wind turbine installation needs, i.e. it will discuss

the land area needed for onshore wind turbine installation. In recent years, onshore wind
has become more cost effective than offshore. Also, offshore wind farms take longer to
develop because the sea is a naturally more hostile environment. However, the investment
in onshore wind sector will be uncertain beyond 2016, following changes to onshore
subsidy and planning polices in the UK that were announced in June 2015. Onshore wind
installations beyond 2016 is under severe threat of cancellation or curtailment due to the
subsidy cuts. At least 1.2 GW (more than 50 projects) onshore wind capacity will be
installed in 2016 which is more than three triple the capacity installed in 2015. This is
because onshore wind developers are trying to get these wind projects in operation before
current subsidy end in 2016. Fore offshore wind sector, the UK’s government has set a
long term framework for offshore wind to allow industry to plan ahead and attract
investment. Offshore wind developers are set to install more than 4.5 GW of offshore

wind capacity in 2016 [145].

The land area of onshore wind farms will be discussed because offshore wind areas are
usually not allocated to individual owners. According to the British Wind Energy
Association, there are around 4776 onshore wind turbines spread throughout the UK with
a total capacity of 7.951 GW [146, 147]. Generation of 10% of the UK’s electricity from
onshore wind would require the installation of around 12 GW of wind energy capacity.
These wind installations need between 80,000 to 120,000 hectares (1 hectare = 0.01 km?)
depending on the size of the turbine and this represents 0.3% to 0.5% of the UK’s land
area. Only around 1% of this area (800 to 1200 hectares) would be used to house the wind
turbines, foundations, electrical infrastructure and access roads. The remainder of this
area, which represents 99%, would be used for other purposes such as natural habitats or
farming. On the other hand, 288,000 to 360,000 hectares are covered by roads in the UK,
representing 1.2% to 1.5% of the UK’s land area, and agriculture in the UK occupies
around 77% of the UK’s land area, amounting to around 18.5 million hectares. At present,
there is 19.5 MW capacity of wind turbines installed per 1000 km of European land area
[148].
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As described above, wind turbine installation would occupy only around 1% of the
targeted land area (0.3% to 0.5% of the UK’s land area) and 99% of this area could be
used for farming, ranching or tourism. This means that wind power installations are not a
problem in terms of the land area that they require. They also offer guaranteed income for

landowners and farmers.

3.15.2 Social Acceptance of Wind Power
Wind power is becoming a significant source of electricity worldwide and an important

contributor to renewable energy and tackling climate change. Although there is opposition
to installation of wind units at some regional and local levels, the social acceptance of
wind power has increased considerably. According to a 2011 Eurobarometer survey, most
European citizens were more favourable about renewable energy than other energy

sources, as shown in Figures 3.32.
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Figure 3.32: Social acceptance for different sources of energy in Europe in 2011 [149].

As shown in Figure 3.32, around 6% of Europe citizens are not in favour of wind power
and their opinion is based on several factors, such as wind turbine noise, dislike of wind
farms visually, harm they may cause to animals and harm they may cause to human health.
The noise of wind turbines has been decreased considerably, especially in three bladed
units, and the sound of the blowing wind in rural areas is louder than wind turbines. A

Canadian report called ‘the potential health impact of wind turbines’ was released in 2010
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and confirmed that the noise level of wind turbines complies with the recommendations
of the World Health Organisation (WHO) for residential areas. The look of wind turbines
may have been accepted by tourists but some local people found that they distracted from
the beauty of nature in several places [150]. Another study was completed by medical
professionals from different leading countries in wind power in 2009 called ‘Wind
Turbine Sound and Health Effects’. It found that there is no direct evidence that the
audible or sub-audible sounds, including infrasound, produced by wind turbines have any
significant physiological effects [151]. Many international groups that are interested in the
environment and nature conservation support wind energy, such as Birdlife, Greenpeace
and Friends of the Earth. Several studies in ecology found that birds’ deaths caused by
wind turbines represented only a small fraction of those caused by other human activities,
such as buildings and vehicles. They also found that the majority of these animals could

live with wind turbines once they were operational [152].

3.15.3 Reliability
Wind power generation has an energy source with an intermittent nature and depends

significantly on wind speed. Wind speed fluctuates and depends on several factors, such
as the wind turbine’s location. This leads to fluctuating output power from wind turbines
which results in reliability problems in power systems. An increase in wind power
penetration in power systems causes a negative impact on power generation reliability and
the impact increases as the penetration level increases. It is necessary to consider system
operator experience and data to study and understand the reliability of wind turbines. It is
significant to study the reliability of each of the components of a wind turbine and detect
failures in a short amount of time to avoid damaging other components. It is very
important to detect a failure in one component and repair it quickly as the cost of repairs
can increase significantly if other components get affected. In [153] it was found that
faults can be predicted 60 minutes before they occur by using a condition monitoring
system. There have been significant improvements in the wind power industry in terms of
reliability analysis of wind power [154, 155] and maintenance and repair methods using
condition monitoring strategies integrated with supervisory control and data acquisition

(SCADA) systems. These fault detection methods have been used to detect faults and
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provide early warnings to enable wind turbine operators to take action and carry out
predictive maintenance, hence decreasing failure rates [156]. Preventive maintenance
actions are required more in large wind turbines than smaller ones. A wind turbine’s
average lifetime is between 20 and 25 years and can be expressed as a bathtub curve, as
shown in Figure 3.33. The failure rate is higher in the infancy period and wear-out as

shown, but with lower rates in the middle (useful life period).
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Figure 3.33: Typical bathtub curve for wind turbines.

Historical reliability data for wind turbines is important in wind power reliability analysis
and the number of failures for each component can be used as an indication to improve
overall wind turbine reliability. Figure 3.34 shows the percentage of required maintenance
and repairs for the main components of wind turbines according to the American Wind

Energy Association (AWEA).
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The Percentage of Required Maintenance and Repairs for the
Main Components of Wind Turbine
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Figure 3.34: Percentage of required maintenance and repairs for the main components
of wind turbines according to AWEA [157].

3.15.4 Wind Turbine Efficiency
Wind turbines start operating and producing power at wind speeds of 4 to 5 m/s, known

as the cut-in speed, and they generate maximum power at the rated speed, which is 15 m/s.
They shut down when the wind speed exceeds 25 m/s, called the cut-off speed. However,
they produce different amounts of output power depending on the wind speed. A modern
wind turbine generates electricity 70-85% of the time. The efficiency of a wind turbine
can be defined as the percentage of the ratio between the input power (kinetic energy of
the wind) to the output power (electricity). According to the European Wind Energy
Association (EWEA), a typical wind turbine generates around 24% of the theoretical
maximum output per year (41% for offshore wind) [148]. This is called the capacity factor
(CF). Conventional power plants have a capacity factor between 50% and 80%. On the

other hand, the efficiency is determined by how much kinetic energy in the wind is
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transformed into electrical energy. The theoretical maximum efficiency of any wind
turbine is 0.59, known as the Betz Limit or Betz Law. This means no more than 59% of
the energy carried by the wind can be extracted by a wind turbine, i.e. the maximum
mechanical energy extracted from the wind that drives the rotor of the turbine is 59% of
the kinetic energy. There are also losses in converting mechanical energy into electricity.
The real world limit is also below the Betz Limit with values of 0.35-0.45, even for the
best designed wind turbines. In practice, wind turbine efficiency is typically between 10%
and 30%, because there are mechanical losses in the gearbox, bearing, etc., which mean

that only 10% to 30% of the wind energy is actually converted into usable electricity.

3.15.5 Grid Code Requirements for Wind Power
In the past, the capacity and penetration level of wind power in power systems were small

compared with the total power generation. No special requirements for wind power
integration in power systems were applied because wind farms were connected to the ac
grid on a small scale and their impact on power system operation was limited and could
be ignored. Under disturbances and abnormal conditions these wind turbines were
disconnected. However, the rapid increase in integration and development of wind power
has led to a new scenario in terms of operating wind farms properly. The increase in wind
power penetration levels has affected the stability of power systems as wind turbines are
an intermittent source of energy and depend considerably on the availability of wind.
Thus, wind power integration must meet special requirements and considerations before

being connected to power systems [158, 159].

Many countries around the world have developed new requirements known as grid codes
for wind farm connections. This section highlights the UK grid code requirements for
wind farm connection in power systems. These regulations for wind integration require
wind turbines to provide additional services and functionality, such as voltage and reactive
power control, active power and frequency control and fault ride through capability [160].
Distributed generation connected to distribution networks with a capacity of 100 MW or
more in England & Wales, 30 MW or more in Scottish Power Transmission, 10 MW or

more in SHETL region, or 10 MW or more in an Offshore Transmission System are
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required to comply with the grid code, to have a bilateral connection agreement with
National Grid Electricity Transmission and to submit certain data directly [161]. The UK
grid code requirements for wind farm connection are summarised in Figures 3.35, 3.36
and 3.37. Figure 3.35 shows the relationship between the wind farm active power and the

ac network frequency and this can be summarised in below points:

=  When the system frequency is between 49.5 Hz and 50.5 Hz, the wind farm must
be able to operate continuously with constant active power.

*  When the system frequency changes within a range 49.5 Hz to 47 Hz, the wind
farm active power output should not be reduced by more than 5%.

» The wind farm must be able to operate continuously for system frequency between

47 Hz and 52 Hz for periods less than 30 seconds.

Unacceptable Operation Zone
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Figure 3.35: Frequency requirements for wind turbines in the UK.

Figure 3.36 shows the ac fault ride through capability requirements for wind turbines in

the UK and it can be summarised in the following points:
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» A wind farm must remain transiently stable for a closed-up solid short circuit with
duration of 140 milliseconds.

* A wind farm should remain connected to the power system for any dip duration
on or above the red line shown in Figure 3.36.

* During the fault period, the wind farms and DC converters must generate the
maximum reactive power possible without exceeding their thermal ratings.

* The voltage at entry points must be restored to 90% of their pre-fault values within
500 milliseconds as shown in Figure 3.36.

* During the fault period, the terminal voltage of the wind farm should not be < 15%
of the nominal voltage.
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Figure 3.36: AC fault ride-through capability requirements for wind turbines in the UK.

The reactive power requirements for wind turbines in the UK is defined as shown in Figure
3.37. As indicated in the British grid code section CC.6.3.2 [161], all wind farms must be
capable of supplying rated MW at the range of power factors from 0.95 lagging to 0.95
leading at the point of common coupling (PCC) with the UK transmission systems. With
all plants in service, the reactive power limits defined at rated MW at lagging power factor
will apply at all active power transfer levels above 20% of the rated MW output as
illustrated in Figure 3.37. With all plants in service, the reactive power limits defined at
rated MW at leading power factor will apply to all active power transfer levels above 50%

of the rated MW output as shown in Figure 3.37. These reactive power limits shall reduce
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linearly below 50% active power output unless the requirement to maintain the reactive
power limits defined at the rated MW at leading power factor down to 20% active power

transfer.
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Figure 3.37: Reactive power requirements for wind turbines in the UK.

3.16 Conclusions

Wind energy is one of the most promising renewable energy sources for meeting emission
reduction targets and increasing renewable energy portfolios, as set by several countries
worldwide to tackle climate change. Wind power has increased dramatically in the last
few years and is approaching more than 369 GW installed capacity. This chapter has

discussed the potential of wind power and its benefits. These have led to a rapid increase

100



in the wind capacity installed and this is expected to continue in the short and long term.
It has been found that wind power integration in power systems will continue in the future
and that many countries around the world set economic incentives to promote wind power.
This chapter has also investigated how much CO> wind power integration can avoid
compared to conventional power plants. Wind power growth in Europe and the UK has
been discussed and it has been found that the UK is the leading country in terms of

cumulative offshore installed wind capacity, at more than 4.4 GW.

Current wind power technologies and their principles of work have been discussed in this
chapter. Different wind generator characteristics have been studied, such as those of the
Fixed Speed Squirrel Cage Induction Generator, Doubly Fed Induction Generator (DFIG),
and Synchronous Generator with Fully Rated Converters. DFIGs are synchronous
generators that are based on variable speed operation mode. They have the controllability
to work in different wind speed profiles. They also have power electronics converters in
their structure which give them the ability to decouple the generator from the ac grid and
control different generator parameters, such as voltage, frequency, active and reactive
powers. In addition, this chapter has discussed the relationship between the output power
of a wind turbine and wind speed. Wind speed models such as Weibull Distribution have
also been investigated and the impact of wind speed variations on power systems has been
highlighted. Pitch control and power electronic applications in wind power have also been
discussed. Various challenges facing integrating of wind power in power systems, such as
how much land is needed, social acceptance, reliability problems, wind turbine efficiency

and grid code requirements, have also been studied.
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CHAPTER 4 Fault Ride through of Distribution
Systems with High Penetration of Renewable Energy

4.1 Introduction

There has been a significant increase in the demand for electricity noticed over the last
few years. This has coincided with the growing penetration of renewable energy resources
aimed at tackling climate change problems and promoting carbon free technology [162].
Power systems have experienced power quality problems due to heavy loading electronic
devices and/or nonlinear loads on system equipment. Meanwhile, distributed generations
have contributed towards minimising the burden on several types of system equipment
[163, 164]. DGs sized between 50 kW and 1 MW are small when compared with total
system generation and load demand. However, they contribute towards system security
and reliability when they penetrate different locations with different size units. They are
equipped with power electronic devices to interface with distribution networks and
mitigate bi-directional power flow [17]. These devices enable DG units to operate in a
standalone mode as a voltage source or in a grid connection mode as a current source

[165].

Fault ride through (FRT) of distribution systems with high renewable source penetration
can be defined as the ability of such systems to remain in operation during and after a
wide range of fault scenarios. Due to the rapid increase in renewable power penetration in
distribution networks, several countries have set new requirements for renewable energy
sources interconnected to utility grids [166]. Some countries e.g. Germany, Denmark and
Ireland have specific FRT grid code requirements for distribution systems as well as for
transmission ones, however, other countries have only FRT requirements for transmission
systems [167, 168]. Distributed generation are required to comply with grid codes, for
instance 1 MW or more generation capacity in Germany, 5 MW or more in Ireland and 30
MW or more in Scotland. As the number of renewable energy units increases, loss of a

considerable part of these units in the case of network faults is not desirable [169].
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Therefore, ride through control for renewable units is necessary for abnormal grid

conditions.

4.2 Fault Ride through Background

Grid disturbances such as severe faults can lead to disconnection of generating units such
as renewable units. The disconnection of renewable units, especially in high renewable
penetration systems, may cause return instability in the power system and may lead to
blackouts. To avoid this problem, it is necessary for generating units to continue to operate
and to ensure that they can remain connected during and after faults. They should be
continuously in operation, even with severe grid disturbances and at very low voltage dips,
support the voltage recovery by injecting reactive current and restore active power rapidly
after fault clearance with limited ramp values [27]. This is known as the so-called ‘fault
ride through’ (FRT) capability and the requirements of FRT vary from one country to
another. FRT can also be classified into maximum and minimum voltage ride through
(high VRT and low VRT). The main objective of this chapter is to investigate low voltage

ride through of different distribution systems with high penetration of renewable energy.

4.3 Grid Code Requirements for FRT

Due to rapid developments in electricity market structures which have led to the separation
of ownership of system operators and generation, the relationship between system
operators and generating companies should be clearly defined. The rapid integration of
renewable generation makes this process more complicated because these generating units
have different physical characteristics when compared to the directly connected
synchronous generators that are used in large conventional power plants. In order to solve
this problem, new grid interconnection requirements called ‘grid codes’ have been
developed by Transmission System Operators (TSOs) in several countries worldwide.
Electricity regulatory bodies have also set new grid requirements for renewable generating

units in different countries [170].
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With the increase in penetration levels of renewable energy resources in distribution
networks, system operators need to maintain control of overall power generation
interconnected to the ac grid. In the past, DG units based on renewable energy were
required to be disconnected in all fault conditions, leading to severe voltage and dynamic
stability problems at high penetration levels. Disconnection of renewable units in such a
system could cause a large imbalance between generation and load, and this jeopardised
the security of supply. To prevent the consequences of disconnection of DG units, several
DNOs have defined fault ride through requirements. Typically, when a system is under
abnormal conditions such as a fault, a short voltage sag will occur. During this short time,
FRT requirements ensure that generating units are connected to the system through a
temporary fault scenario and need to stay connected to the transmission or distribution

systems to help maintain system stability [28, 171].

This chapter will discuss low voltage ride through (LVRT) capability in different generic
distribution systems with high penetration levels of DG units based on renewable
resources. For this reason, LVRT requirements will be investigated in systems with high
penetration levels of DGs, such as German LVRT requirements for distributed generators.
In Germany, new low voltage ride through requirements for distributed generation units
were released in 2008. The grid code was for the interconnection of DGs at a medium
voltage level. This was the first time low voltage ride through requirements were
implemented on DGs interconnected at distribution voltage levels. Penetration levels of
DGs based on renewable energy are high in German distribution systems and they use
Figure 4.1 as a method to address issues related to system stability [172]. Figure 4.1 shows
Germany’s new LVRT grid code for DGs. The vertical axis represents the nominal voltage
per unit and the horizontal axis represents time in milliseconds. When the terminal voltage
is above boundary line 1, the DGs are not allowed to disconnect. Between boundary lines
1 and 2, the DG units pass through the fault without disconnecting from the distribution
system. The DG units can be disconnected for a short time from the distribution network
when the voltage falls below boundary line 2. Below the blue line there is no requirement

for the DGs to stay connected to the system [29, 173].
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Figure 4.1: German LVRT requirements for distributed generators.

4.4 Wind Generation Impact on FRT Requirements

Short circuit fault occurrence and removal results in voltage sags experienced across an
entire power system and so protection devices are usually used to detect and isolate these
faults. Any delay in solving fault problems can lead to disconnection of generating units
and this can cause loss of synchronism and result in power system collapse. Therefore, it
is significant for all generators to remain connected during fault recovery. Conventional
synchronous generators (CSGs) connected to transmission systems are able to support the
transient stability of a grid by providing reactive power generation, oscillation damping,
inertia, resynchronising torque and fault ride through capability. These features make
CSGs attractive as they comply with grid connection requirements and help to have a
stable grid operation worldwide. In the same manner, generating units based on wind
energy should behave, as much as possible, in the same way as CSGs in both steady-state
operation and during grid disturbances. It has been a significant challenge for wind turbine
manufacturers to constantly follow new grid codes and discover how they can achieve

new features required by grid system operators.
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The first wind generating units connected to power systems appeared in the 1980s. They
were constant speed wind turbines employing squirrel cage induction generators with
switched capacitor banks in order to maintain the power factor. The DFIG was introduced
in the 1990s and has reactive power controllability. By adding a chopper in the DC link
of the DFIG, fault ride through capability can be improved. In the 2000s, generators based
on wind energy with full scale converters were introduced. This technology offers fault

ride through capability and a wider range of reactive power control.

The main advantage of the DFIG is that the size of the power electronic converter is
considerably smaller than a full scale converter. However, the rotor side converter (RSC)
in the DFIG is a vulnerable part and has restricted overcurrent limit which requires more
attention during grid faults. When the power system experiences a fault which causes
voltage sags, the generator magnetic flux cannot change instantaneously. This results in a
large change in generator currents. Therefore, the RSC output current should be limited.
The RSC may not be able to maintain the current within its limit during severe grid
disturbances so it should be protected from overcurrent. The wind turbine converter can
be protected by a protection device called a crowbar. There are two types of crowbars,
passive and active. An active crowbar allows the generating unit to ride through faults
without tripping, whereas a passive crowbar does not have this feature and it will
disconnect the unit from the power system. A crowbar consists of a high power resistor
and the crowbar system works if the rotor current is too high or when DC link voltage

exceeds a given limit; this can happen during severe grid faults.

In fault scenarios close to wind farms, DFIG based wind energy may operate under high
risk to its power electronic converters and DC link capacitors due to resulting overvoltages
and/or overcurrents. Several researchers have discussed FRT requirements for the DFIG
in literature [29-31]. There are two main techniques to solve this problem and avoid power
electronic converters being under risk of damage. The first technique that can protect
converters is a sustained period of rotor crowbar application [32, 174]. This technique is
enabled when a fault is detected to protect the converters and the DC link capacitors from

overvoltages or overcurrents while allowing the power electronic converters to resume
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control at the earliest possible chance. The crowbar protection technique was developed
as a standard rotor circuit protection device a long time before the development of grid
code requirements for the DFIG [175]. The technique can be basically described as
connecting rotor phases and the RSC together through a resistance [176]. Figure 4.2 shows
a crowbar control scheme in the DFIG based on wind energy. The crowbar protection
system based on three phase series resistance controlled by power electronic devices is
currently used in modern wind turbines. In recent years, FRT performance of the DFIG
based on wind energy has been discussed considerably in literature and several schemes
have been proposed to ensure the DFIG meets new grid code requirements. This includes
the application of controlled crowbar resistance [ 177], control of the timing of the crowbar

protection system [178], and the use of brake resistors [179, 180].
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Figure 4.2: The crowbar protection scheme in the DFIG based on wind energy.

The second technique that can protect the power electronic converters of the DFIG is a
DC link chopper. A DC chopper circuit with a resistance can be added to the DC link as
illustrated in Figure 4.3. The pulse signal used to trigger the IGBT is activated when DC
voltage Vpc exceeds the maximum limit Vpcmax. After that, the chopper is turned on and

the energy is dissipated by the internal resistor [33, 181]. Therefore, wind turbines based
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on DFIG technology with a DC chopper and crowbar system are capable of handling fault
scenarios like voltage sags and swells, short interruptions and rotor over-speed. Thus, with
these energy absorbers, the DFIG is able to meet even the most strictest grid FRT

requirements [182].
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Figure 4.3: The DC chopper protection scheme in the DFIG based on wind energy.

In wind turbines based on fully rated converter technology, there is no induced rotor
overcurrent to limit during severe grid disturbances such as faults. However, the DC link
needs to be protected. There are several methods to meet FRT requirements in full scale
converter wind turbines and they can be classified into those requiring change in their
control system to satisfy grid codes and those requiring additional hardware in their
control system. The most common methods are crowbar approaches [34], RSC and GSC
control [35], a dynamic voltage restorer (DVR) [183], FACTS devices such as SVC and
STATCOM [36], energy storage systems in rotor inertia via flywheel [184], super
capacitor storage [185] and the use of battery storage [186]. In this thesis, DC chopper
and crowbar techniques are used for protection against fault conditions in wind energy

generators (DFIG) and synchronous generators with full power electronic converters.
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4.5 Photovoltaic Generation Impact on FRT Requirements

Fault ride through capability is significant in large scale grid connected renewable energy
systems; however, most research studies have discussed wind power grid connected
systems only. This may have been reasonable in the past as photovoltaic generation was
small compared to other generating technologies. In recent years, photovoltaic (PV) grid
connection has become significant and the penetration level of PV is becoming high in
several countries, including Germany. This trend has led to consideration of photovoltaic
grid connected generation in new grid code requirements and thus the design of PV
inverters will be affected. There is also an ongoing harmonisation of grid codes between
European countries in order to achieve European renewable targets. Harmonised grid code
requirements for renewables will maximise efficiency of all parties, however, it should be
noted that it is not practical to completely harmonise these requirements in one step [187].
At the moment, the PV inverters are disconnected from the grid in many countries
worldwide during grid faults for safety purposes. In contrast, with the recent forecasts that
expect to see a fast increase in PV grid connections, it is likely that grid code will be
updated and require FRT capability from PV grid connected systems in order to stabilise
power systems. This could happen to PV systems connected to distribution networks just
like wind power systems, as FRT requirements have been introduced after a long time as

penetration of wind power systems has become significant.

Fault ride through capability for PV grid connected systems has been investigated in
literature [37, 38]. Three single stage photovoltaic grid connections based on a current
source inverter (CSI) under grid faults was discussed in [188, 189]. In [190], a
proportional resonant (PR) current controller to limit overcurrent was proposed. For a
three phase two stage photovoltaic grid connected system, there are few papers that
investigate the FRT capability. For this reason, this chapter proposes a three phase two
stage PV grid connected system with FRT capability. The main purpose of FRT in a PV
system is to protect power electronic converters from overvoltages or overcurrents. The
PV system could be disconnected from the grid during faults as the DC link voltage

exceeds the limits.
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4.6 Modelling and Control of a Renewable Energy System for FRT

Renewable energy source integration into power systems continues to increase,
contributing towards a change in large scale wind and PV grid connected units from being
simple energy sources to having advanced control to meet new grid code requirements.
This section discusses the modelling and control of distributed generation based on wind
and solar energy. Three different technologies are investigated to ride through grid faults:
a wind turbine based on the DFIG, a wind turbine based on a synchronous generator with
fully rated converters, and a solar unit based on photovoltaic. These have been modelled
in two types of software, MATLAB/SIMULINK and the commercial package
DIgSILENT POWERFACTORY [191, 192]. SIMULINK is used because it is a powerful
software to design and control power electronic converters while POWERFACTORY is
faster and easier to investigate large-scale power systems. For these reasons both software

have been used in this thesis.

4.6.1 DFIG Modelling and Control
DFIG technology is widely used in wind turbines, especially for multi megawatts

generation. It is a variable speed wind technology whereby the speed range requirements
are modest. It offers adequate performance for the speed range required to exploit typical
wind resources. There are two power electronic converters, a rotor side converter (RSC)
and a grid side converter (GSC), connected back to back between the rotor windings and
the ac grid, as shown in Chapter 3. A DC link is placed between the two converters as
energy storage in order to keep the DC voltage variations (ripple) as small as possible.
The shaft torque or the speed of the DFIG and the stator terminals power factor can be
controlled by the RSC, while the GSC controls the DC link voltage and keeps it within
given limits. The GSC works at the grid frequency with a controllable lagging or leading
power factor to provide or absorb reactive power, while the RSC changes its output
frequency depending on the wind speed. These converters need only be rated to handle
the rotor power, which is a fraction of the total generator power, typically 30% of nominal
power. In recent developments related to the DFIG, power electronic converters are based

on two level six switch voltage source conversion technologies and the switching elements
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are IGBTs. Vector control details in dq synchronous frame for DFIG converters were

shown in Chapter 3.

4.6.2 Wind Turbine based on Synchronous Generator with Fully Rated Converters
Wind turbines based on a synchronous generator with full scale power converters have

been developed in recent years and there are several topologies for this technology.
However, this thesis will consider the RSC as a diode rectifier and the GSC as a voltage
source inverter, as shown in Figure 4.4. A three phase diode rectifier and boost circuit is
used as the RSC and in this topology four variables need to be controlled, namely

generator active power, DC link voltage, grid active and reactive powers.
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Figure 4.4: Wind turbine based on synchronous generator with fully rated converters
and converter control in the dq synchronous frame.

4.6.3 Solar Energy based on Photovoltaic
As mentioned in detail in Chapter 2, a PV system converts solar energy into electricity

and there are different topologies. The problem with photovoltaic inverters is that there
are many topologies in the market and it is difficult to find standard modules for

implementation, unlike wind energy for instance. This thesis uses two main topologies for
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the PV system, a three phase two stage trasformerless grid connected PV system and a
simplified PV model. The three phase two stage grid connected PV system has been
discussed in Chapter 2. Three phase PV system will be used throughout this thesis because
the PV output power considered in this research is multi MW. A block diagram of the
simplified PV model is shown in Figure 4.5. The PV panel and the DC-DC boost converter
are neglected and they are represented by the DC voltage source for simplicity to perform
simulations and get results for different distribution networks. The DC voltage source is
interfaced with the grid through a voltage source inverter (VSI). The PV active and
reactive powers can be controlled by moditying the control of the PV inverter. The control
of the PV inverter is shown in Figure 4.6 and it is like the control of wind power electronic

converters, which depend on the dq synchronous reference frame.
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Figure 4.5: Simplified PV model.

:n’r J"‘a’ Va
_ 3 +
+ +
PI PI
a i; Current “ T_ t‘;
DC voltage | .
oops . e
control oli abe |Cabe
. i 0 —p N PWM
. I, wlLi; dq0
I _
qmax
Q . - ¢+ .
' e
control i; = — 3Q_ +é PI 7 ?
2 Va |_ u, +
thmiﬂ ¥V

Figure 4.6: B lock diagram summarizing the three phase grid connected PV inverter.
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To examine the simplified PV model, a simulation test is performed on different PV
topologies and the results compared. The test is to observe the dynamic response of the
proposed PV system compared to other PV topologies when there is a sudden decrease in
irradiance (a 50% decrease). The irradiance changes rapidly from 1000 W/m? at 1.5
seconds to 500 W/m? and returns to its first value at 3 seconds. Figure 4.7 shows the
impact of a rapid change in solar irradiance on the PV output power for different PV
systems. There are four PV systems that have been selected for examination of the
simplified PV model, namely a three phase PV system designed with a commercial
package software DIgSILENT POWERFACTORY, a three phase two stage grid
connected PV system with Hill-Climbing MPPT, a three phase two stage grid connected
PV system with Incremental Conductance MPPT, and a three phase two stage grid
connected PV system with Perturb and Observe MPPT. The results show that the
simplified PV model is able to operate in dynamic operation and it is fast compared to
other PV systems. Figure 4.7 shows that the PV output power of the proposed model is
relatively close to the three phase two stage grid connected PV system with Incremental

Conductance MPPT.
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Figure 4.7: The impact of a rapid change in solar irradiance on the PV output power for
different PV systems.
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4.7 Simulation Scenarios

This chapter investigates different generic distribution networks with high renewable
energy penetration subject to different fault conditions. The voltage recovery at renewable
buses and at the fault location will be discussed. The voltage recovery will be compared
to the grid code requirements that have been shown earlier in section 4.3. The German
grid code for FRT will be considered, as Germany released new LVRT requirements for
distributed generation connected to the grid in recent years. Three different distributed
generation types based on renewable energy are considered, namely a wind turbine based
on the DFIG, a wind turbine based on a synchronous generator with fully rated converters,
and a solar energy source based on photovoltaic. The voltage recovery is investigated
when the distribution systems experience a three phase fault at different locations. Three
modified generic distribution networks are considered in this chapter, namely IEEE 13
bus, IEEE 37 bus, and IEEE 123 bus test systems. For each distribution network there are
five different cases to investigate the voltage recovery performance of the distribution
systems. These include a base case when there is no renewables, 35 % PV penetration of
the total generation of the test system, 35 % wind based on DFIG penetration, 35 %
penetration of a wind based synchronous generator with fully rated converters, and 35 %
wind and PV (mixed renewables) penetration. 35 % of renewable energy penetration was
selected to represents a high percentage of renewable energy in a power system which
could be reached in the future and this specific percentage was expected as the UK’s
renewable energy penetration by 2020 [193]. In the third quarter of 2015, 23.5 % of the
UK’s electricity was provided by renewables [194]. To validate the FRT performance of
the selected distribution networks, simulations are performed using two different software

programmes, MATLAB/SIMULINK and DIgSILENT POWERFACTORY.

4.7.1 IEEE 13 Bus Distribution System
The IEEE Power Engineering Society published a number of test systems for distribution

system analysis, one of them called the IEEE 13 Node Test Feeder [195]. A schematic
diagram of this system is shown in Figure 4.8. Detailed data regarding this system are

given in Appendix B.1. This system is connected to the ac grid through a two winding ac
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transformer. Bus 650 is the bus which interconnects the grid with the test network. This
bus has been selected because it is directly connected to the grid through a transformer,
which is in effect a substation. Table 4.1 summarises the IEEE 13 bus distribution network
data. A conventional distributed generation (CDG) is assumed to be connected at bus
number 611, which is one of the farthest nodes from the grid and close to the renewable
units’ location, to investigate the transient stability of the synchronous generator. Detailed
data regarding this CDG are given in Appendix C. The grid is assumed to be an infinite
bus. Power flow data of the 13 bus distribution system are given in Appendix B.1, where
the grid bus is assumed to be the slack. DG based on renewable resources are connected

to the farthest node from the grid, which is bus number 680.

The main objective of this chapter is to investigate the FRT requirements and the voltage
recovery of the distribution systems with high renewable energy penetration. Therefore, a
three phase fault is applied on two different locations, the first one close to the grid on bus

650 and the second location close to the renewable unit on bus 680.

The duration of the fault is 200 milliseconds (10 cycles for the 50 Hz system) from 3
seconds to 3.2 seconds and the fault impedance is assumed to be zero to observe the worst
case scenario. Voltage sag due to faults in the transmission systems are characterised by
a short duration, typically up to 100 milliseconds. However, the duration of dips due to
faults in distribution networks depend on the type of protection used. By improving
protection in these networks, the maximum fault-clearing time may be brought to 200
milliseconds [196]. For these reasons 200 milliseconds was selected as the fault duration

in this research work for distribution systems.

Table 4.1: IEEE 13 Bus Network Data.

No. of No. of No. of Total o
Buses Loads Lines Generation Total Load  Total Losses
13 9 10 3.62 MW 3.47 MW 0.15 MW

2.65 MVAr 2.10 MVAr 0.54 MVAr
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Figure 4.8: IEEE 13 Node Test Feeder

A- Base Case
When a three phase fault is applied on bus 650 for 200 milliseconds at 3 seconds, the

voltage dip at this bus falls to zero. Figure 4.9 shows the terminal voltages at bus 650, bus
680 (renewable bus) and the CDG bus (bus 611). It shows that the commercial package
DIgSILENT POWERFACTORY gives a relatively close dynamic result compared to
MATLAB/SIMULINK. However, after the fault was cleared at 3.2 seconds, the
POWERFACTORY gives a higher overshoots. The voltage recovery complies with the
FRT grid code requirements, as the voltages recover quickly and return to a nominal value

after the fault is cleared.
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Figure 4.9: Voltage recovery for the base case of the 13 bus system (the fault is applied
on bus 650) - (a) Terminal voltage at bus 650, (b) Terminal voltage at bus 680, (c)
Terminal voltage at the CDG bus, (d) Voltage waveforms at bus 650.

When the three phase fault is applied on bus 680 with a duration of 200 milliseconds, the

voltage recovery at the grid bus and the DG buses is as illustrated in Figure 4.10. It shows

also that the terminal voltages return to a nominal value in a few seconds.
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Figure 4.10: Voltage recovery for the base case of the 13 bus system (the fault is applied
on bus 680) - (a) Terminal voltage at bus 650, (b) Terminal voltage at bus 680, (c)
Terminal voltage at the CDG bus, (d) Voltage waveforms at bus 680.
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B- 35 % PV Penetration
A DG based on photovoltaic is installed at bus 680 with 2 MW of output power, which is

35 % of the total generation in the system. This means that small-scale PV installations
less than 10 kW are not considered in this work. Detailed data regarding the PV systems
are shown in Appendix D. When the distributed generation units based on renewables are
injected into the system, an additional load is added to the system at bus 680 which equals
the same additional generation 2 MW. This additional load is added to the system to ensure
accuracy in the results and the effect of the renewable units on the system. This step
ensures the total loading of the grid and the CDG will be the same in the base case and
after adding the renewable units to the system. Table 4.2 shows the sources of power

generation in the system and their locations.

Table 4.2: Power generation sources’ outputs and their locations (PV case).

Grid CDG PV
Total Generation | 1.62 MW 2 MW 2 MW
Location | Bus 650 Bus 611 Bus 680

When the three phase fault is applied on bus 650 with the same procedure as in the base
case, the voltage recovery of the affected bus and the DG buses is as illustrated in Figure
4.11. The terminal voltage recovers quickly after the fault is cleared at 3.2 seconds and
this meets the LVRT requirements that have been discussed earlier. This means the
distribution system with high PV penetration could ride through faults and the DGs will
stay connected during and after such faults. The DGs’ active and reactive powers will be
discussed more in the next chapter (Transient Stability). However, to ensure that the PV
system stays connected during and after faults, the DC link voltage should be maintained
within its acceptable limits, namely between 0.5 p.u. and 1.1 p.u. The photovoltaic system
stays connected when the fault is far as in this case; however, when the fault is applied on
bus 680 the PV converters will be under risk of overvoltage and this could damage the
converters. Figure 4.12 shows the voltage recovery of the PV bus, the CDG bus and the
grid bus. The terminal voltages recover and they meet the LVRT requirements because

they return to their nominal values in short time.
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Figure 4.11: Voltage recovery for the 35 % PV penetration case of the 13 bus system
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Figure 4.12: Voltage recovery for the 35 % PV penetration case of the 13 bus system
(the fault is applied on bus 680) - (a) Terminal voltage at bus 650, (b) Terminal voltage
at the CDG bus, (c) Terminal voltage bus 680, (d) Voltage waveforms at bus 680.

As discussed above, when the fault is applied on the PV bus, the converters should be
protected from overvoltages. During a fault, the DC link voltage increases, as explained
in this chapter, and it should be maintained within its limits. To protect the DC link and
keep the DC link voltage within the given limits, a new technique is proposed in this

chapter. A three phase two stage transformerless PV grid connected system with FRT
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capability is proposed. There is no need for hardware elements to be added to the control
of the PV converter which means no additional costs is needed. However, the DC-DC
converter signal which tracks the maximum available power will work during faults to
keep the DC voltage within limits and protect the DC converters by using proportional
integral (PI) controllers. This method tracks any changes in the DC link voltage as well as
the grid current during faults to protect the PV power electronic converters. The proposed
control of the PV system is illustrated in Figure 4.13. During the fault, the power output
by the DC/AC inverter to the ac grid is reduced. However, power is still being imported
from the PV by the DC/DC converter. Thus, the DC voltage continues rising. Due to the
fast change of the DC voltage, the imported power from the PV varies due to the imperfect
control action on the duty cycle by the DC/DC converter. This results in the ripples on the
voltage during the fault. When the AC fault is cleared, the output power by the DC/AC
inverter increases rapidly which causes the DC voltage to drop quickly. These are shown
in Figure 4.14 and it is shown that the DC voltage has a slow rise during fault because the
capacitor size is big. Figure 4.14 shows the DC link voltage with and without DC link
protection. After adding the protection circuit shown in Figure 4.13, the DC link voltage
1s kept within the limits 1.1 p.u. and 0.5 p.u. during and after a fault is cleared. Therefore,

the PV system can ride through faults which are close to its terminal connections.
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Figure 4.13: Proposed three phase two stage transformerless PV grid connected system
with FRT capability.
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Figure 4.14: PV DC link voltage with and without protection when a fault is applied
close to the PV system.

C- 35 % Wind based on DFIG Penetration
A wind turbine based on the DFIG is installed at bus 680 with 2 MW output power, which

represents 35 % of the total power generation in the test system. The DFIG parameters
and detailed data are given in Appendix D. In the same manner as the PV case, a 2 MW
load is added at bus 680 for the same reason. Table 4.3 shows the sources of power

generation in the system and their locations.

Table 4.3: Power generation source outputs and their locations (DFIG case).

Grid CDG Wind DFIG
Total Generation ‘ 1.62 MW 2 MW 2 MW

Location ‘ Bus 650 Bus 611 Bus 680

When the three phase fault is applied to the grid bus, the voltage recovery of the affected
bus and the DG buses is as illustrated in Figure 4.15. The terminal voltage recovers quickly
after the fault is cleared at 3.2 seconds and this meets the LVRT requirements that have
been discussed earlier. This means the distribution system with high wind energy based
on DFIG penetration could ride through faults and the DGs stay connected during and

after faults. In contrast, to ensure that the DFIG based on wind remains connected during
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and after faults, the DC link voltage should be maintained within its given limits. The
DFIG stays connected when the fault location is far as in this case; however, when the
fault is applied to its terminal bus the DFIG converters will be under risk of overvoltage,
which may cause damage. Figure 4.16 shows the voltage recovery of the DFIG bus, the
CDG bus and the grid bus. The terminal voltages recover and they meet the LVRT
requirements. However, DFIG converters should be protected from overvoltages and

overcurrents which occur during the fault, as shown in Figure 4.16 (e).
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Figure 4.15: Voltage recovery for the case of 35 % wind based on DFIG penetration of
the 13 bus system (the fault is applied on bus 650) - (a) Terminal voltage at bus 650, (b)
Terminal voltage at the CDG bus, (c) Terminal voltage at bus 680, (d) Voltage
waveforms at bus 680, (e) Current waveforms at DFIG bus, (f) Voltage waveforms at
DFIG bus.
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Figure 4.16: Voltage recovery for the case of 35 % wind based on DFIG penetration of
the 13 bus system (the fault is applied on bus 680) - (a) Terminal voltage at bus 650, (b)

Terminal voltage at the CDG bus, (c) Terminal voltage at bus 680, (d) Voltage

waveforms at bus 680, (e) Current waveforms at DFIG bus, (f) Voltage waveforms at
DFIG bus.

To protect the DFIG converters, a DC chopper circuit is added to the DC link with a

resistance of 0.3 ohm. Figure 4.17 illustrates the difference between the DFIG with a

protection circuit and without. After adding the chopper circuit, the DC link voltage is

kept within limits during and after faults. Therefore, the DFIG can ride through faults

which are close to its ac connection terminals without damaging its converters.
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Figure 4.17: DFIG DC link voltage with and without protection when the fault is
applied close to the DFIG.

D- 35 % Wind based on a Synchronous Generator with Fully Rated Converters
The same procedure as in cases B and C will be followed to test the wind unit based on a

synchronous generator with fully rated converters (FRC) for FRT requirements. A 2 MW
wind based on FRC is installed at bus 680 with the addition of a 2 MW load for the same
reason mentioned in case B. The wind (FRC) parameters and detailed data are given in
Appendix D. Table 4.4 shows the total power generation, which is contributed towards by

different sources in the test system.

Table 4.4: Power generation source outputs and their locations (wind FRC case).

Grid CDG Wind FRC
Total Generation 1.62 MW 2 MW 2 MW
Location Bus 650 Bus 611 Bus 680

When the three phase fault is applied on bus 650, the voltage recovery of the affected bus
and the DG buses are as illustrated in Figure 4.18. The terminal voltage recovers quickly
after the fault is cleared and this meets the LVRT requirements. Thus, the distribution
system with high wind energy based on a synchronous generator with FRC penetration

could ride through faults and the DGs will stay connected during and after such faults.
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However, to ensure that the wind generator remains connected during and after faults, the
DC link voltage should be kept within its limits. The DFIG stays connected when the fault
is far as in this case; however, when the fault location is close to the wind generator
connection terminals, its converters will be under risk of overvoltage. This happens when
the fault duration is more than 150 milliseconds and the system cannot ride through the
applied fault. Therefore, the fault duration is changed to 140 milliseconds instead of 200
milliseconds to ensure FRT performance for the system without adding protection to the
wind converters. Figure 4.19 shows the terminal voltages of the wind generator based on
FRC, the conventional CDG bus and the grid bus. The terminal voltages recover and they
meet the LVRT requirements. However, wind converters should be protected from

overvoltages, which could damage the power electronic converters as illustrated in Figure
4.19 ().
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Figure 4.18: Voltage recovery for the case of 35 % wind based on FRC penetration of
the 13 bus system (the fault is applied on bus 650) - (a) Terminal voltage at bus 650, (b)
Terminal voltage at the CDG bus, (c) Terminal voltage at bus 680, (d) Voltage
waveforms at bus 680, (e) Current waveforms at wind FRC bus, (f) Voltage waveforms
at wind FRC bus.
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Figure 4.19: Voltage recovery for the case of 35 % wind based on FRC penetration of
the 13 bus system (the fault is applied on bus 680) - (a) Terminal voltage at bus 650, (b)
Terminal voltage at the CDG bus, (c) Terminal voltage at bus 680, (d) Voltage
waveforms at bus 680, (e) Current waveforms at wind FRC bus, (f) Voltage waveforms
at wind FRC bus.

A DC chopper circuit is added to the DC link with a resistance of 0.5 ohm to protect the
DC link from overvoltages. The higher the DC chopper resistance the better the DC link
protection of converters will be because this resistance works as a braking resistance to
consume energy during faults. Figure 4.20 shows how the DC link voltage increases to
about 4 p.u., which is unacceptable and could damage the converters. In the DFIG case,
the DC voltage increased by about 1.8 p.u. during the fault as shown in Figure 4.17. This
is because only around 30 % of the DFIG output power goes through the power electronic
converters, however, 100 % of the generated power from FRC generator goes through the
converters. After adding the chopper circuit, the DC link voltage is maintained within
acceptable limits during and after faults. Therefore, the synchronous wind generator with
fully rated converters can ride through faults which are located on its ac connection

terminals without damaging its converters.
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Figure 4.20: DC Link voltage of the wind based on synchronous generator with fully
rated converters with and without protection when the fault is applied on bus 680.

E- 35 % Mixed Renewables Penetration
Mixed renewables based on wind and solar energy are installed in this case. 1.5 MW wind

based on the DFIG is installed at bus 680 with a 1.5 MW load and 0.5 MW solar based on
photovoltaic is installed at bus 652 with a 0.5 MW load. Table 4.5 illustrates the

contribution each source in the test system makes to the total power generation.

Table 4.5: Power generation sources outputs and their locations (mixed renewables

case).
Grid CDG Wind DFIG PV
Total Generation 1.62 MW 2 MW 1.5 MW 0.5 MW
Location Bus 650 Bus 611 Bus 680 Bus 652

The same procedure as in previous cases will be followed to test this distribution system
for the LVRT requirements. Two faults are applied, one on bus 650 and the second on bus
680 for 200 milliseconds duration (10 cycles). Figures 4.21 and 4.22 show that the voltage
recovery at the buses of the modified test system meets the LVRT grid code requirements,
as the terminal voltages return to a nominal value in a short period of time. However, the

renewable units’ converters should be protected from overcurrents or/and overvoltages.
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The protection system for the PV and DFIG converters have been discussed in previous
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Figure 4.21: Voltage recovery for the 35 % mixed renewables penetration case of the 13
bus system (the fault is applied on bus 650) - (a) Terminal voltage at bus 650, (b)
Terminal voltage at the CDG bus, (c) Terminal voltage at bus 680, (d) Voltage
waveforms at bus 680, (e) Terminal voltage at bus 652 (PV), (f) Voltage waveforms at
bus 652 (PV), (g) Current waveforms at DFIG bus, (h) Voltage waveforms at DFIG bus.
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Figure 4.22: Voltage recovery for the 35 % mixed renewables penetration case of the 13
bus system (the fault is applied on bus 680) - (a) Terminal voltage at bus 650, (b)
Terminal voltage at the CDG bus, (c) Terminal voltage at bus 680, (d) Voltage
waveforms at bus 680, (e) Terminal voltage at bus 652 (PV), (f) Voltage waveforms at
bus 652 (PV), (g) Current waveforms at DFIG bus, (h) Voltage waveforms at DFIG bus.

4.7.2 IEEE 37 Bus Distribution System
The IEEE Power Engineering Society published another test system for distribution

system analysis called the IEEE 37 Node Test Feeder [195]. A schematic diagram of this
system is shown in Figure 4.23. Detailed data regarding this system are given in Appendix
B.2. This system is connected to the ac grid through a two winding ac transformer. Bus
799 is the bus which interconnects the grid with the test network. This bus has been
selected because it is directly connected to the grid through a transformer, which is in
effect a substation. The IEEE 37 bus distribution network data are summarised in Table
4.6. A CDG is assumed to be connected at bus number 740, which is one of the farthest
nodes from the grid and close to the renewable units’ location, to investigate the transient
stability of the synchronous generator. Detailed data regarding this CDG are given in
Appendix C. The grid is assumed to be an infinite bus. Power flow data regarding the 37

bus distribution system is given in Appendix B.2, where the grid bus is assumed to be the
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slack. The DG based on renewable resources are connected to the farthest node from the
grid, which is bus number 741. The same test procedure as for the LVRT grid code
requirements which have been discussed in the IEEE 13 bus system will be followed. A
three phase fault will be applied on bus 799 for 200 milliseconds and the second test will

apply a three phase fault on bus 741 to observe the voltage recovery of the system buses.

— T
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Figure 4.23: IEEE 37 Node Test Feeder.
Table 4.6: IEEE 37 Bus Network Data.
No. of No. of No. of Total Total Load  Total Losses
Buses Loads Lines Generation
37 25 35 2.54 MW 2.46 MW 0.07 MW

1.34 MVAr 1.20 MVAr  0.13 MVAr
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A- Base Case

The terminal voltages at the grid bus, the CDG bus and bus 741 are shown in Figure 4.24

for when the three phase fault is applied on bus 799. When the three phase fault is applied

on bus 741, the voltage recovery of the system buses is as illustrated in Figure 4.25.

Figures 4.24 and 4.25 show that the terminal voltage returns to a nominal value in a short

time period after the fault is cleared and this meets the LVRT requirements.

(a) Terminal voltage at bus 799

-
[

s
o

Terminal Voltage (p.u.)
I =
Y =

s
[

———DIgSILENT PowerFactory
=———MATLAB SIMULINK
L I . I I I T T
0 1 2 3 4 5 6 7 8 9 10
Time (s)

o

(¢) Terminal voltage at the CDG bus

1 Nﬁ\,

Terminal Voltage {p.u.)
=
=

Y —

0.2

———DIgSILENT PowerFactory
———MATLAB SIMULINK
1 I L I I I
0 1 2 3 4 5 6 7 L] 9 10
Time (s)

(b) Terminal voltage at bus 741

Terminal Voltage (p.u.)

o

~—— DIgSILENT PowerFactory
———MATLAB SIMULINK
I I I I

3 4 5 6 7 8 9 10
Time (s)

(d) Voltage waveforms at bus 799

Voltage Waweforms (p.u.)

M Y

i

_, i

e 1 J'MJ

A lMNﬁNNTFﬂ

1 L L I
3 31 3.2 13 34
Time (s)

Figure 4.24: Voltage recovery for the base case of the 37 bus system (the fault is applied
on bus 799) - (a) Terminal voltage at bus 799, (b) Terminal voltage at bus 741, (c)
Terminal voltage at the DG bus, (d) Voltage waveforms at bus 799.
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Figure 4.25: Voltage recovery for the base case of the 37 bus system (the fault is applied
on bus 741) - (a) Terminal voltage at bus 799, (b) Terminal voltage at bus 741, (c)
Terminal voltage at the CDG bus, (d) Voltage waveforms at bus 741.

B- 35 % PV Penetration
A 1.5 MW PV is installed on bus 741, which represents 35 % of the total generation. Table

4.7 shows the contribution of each generating source towards the total power generation
of the test system. A 1.5 MW load is also added at bus 741 for the reason mentioned earlier
in this chapter. The voltage recovery for this system when the fault is applied on bus 799
is shown in Figure 4.26, while Figure 4.27 illustrates the voltage recovery when the fault
is applied on bus 741. From these figures it is clear that the terminal voltages return

quickly to nominal values and this meets the LVRT grid code requirements.

Table 4.7: Power generation source outputs and their locations (PV case).

Grid CDG PV
Total Generation 0.54 MW 2 MW 1.5 MW
Location Bus 799 Bus 740 Bus 741
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Figure 4.26: Voltage recovery for the PV case of the 37 bus system (the fault is applied
on bus 799) - (a) Terminal voltage at bus 799, (b) Terminal voltage at the CDG bus, (c)
Terminal voltage at bus 741, (d) Voltage waveforms at bus 741.
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Figure 4.27: Voltage recovery for the PV case of the 37 bus system (the fault is applied
on bus 741) - (a) Terminal voltage at bus 799, (b) Terminal voltage at the CDG bus, (c)
Terminal voltage at bus 741, (d) Voltage waveforms at bus 741.

C- 35 % Wind based on DFIG Penetration

The wind based on the DFIG is installed at bus 741 with a 1.5 MW power output. A 1.5

MW load is also installed at the same bus. The contribution of generating sources in the

test system in this case is shown in Table 4.8. The simulation results of the terminal

voltages at the selected buses are given in Figures 4.28 and 4.29 when the fault is applied

on bus 799 and bus 741 respectively. The results show that the system meets the LVRT

grid code requirements as the terminal voltages return to nominal values in a short time

period.

Table 4.8: Power generation source outputs and their locations (DFIG case).

Grid CDG Wind DFIG
Total Generation 0.54 MW 2 MW 1.5 MW
Location Bus 799 Bus 740 Bus 741
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Figure 4.28: Voltage recovery for the 35 % wind based on the DFIG penetration case of
the 37 bus system (the fault is applied on bus 799) - (a) Terminal voltage at bus 799, (b)

Terminal voltage at the CDG bus, (c) Terminal voltage at bus 741, (d) Voltage

waveforms at bus 741, (e) Current waveforms at DFIG bus, (f) Voltage waveforms at

DFIG bus.
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Figure 4.29: Voltage recovery for the 35 % wind based on the DFIG penetration case of
37 bus system (the fault is applied on bus 741) - (a) Terminal voltage at bus 799, (b)
Terminal voltage at the CDG bus, (c) Terminal voltage at bus 741, (d) Voltage
waveforms at bus 741, (e) Current waveforms at DFIG bus, (f) Voltage waveforms at
DFIG bus.

D- 35 % Wind based on Synchronous Generator with Fully Rated Converters
A 1.5 MW wind synchronous generator with fully rated converters is installed on bus 741
with a 1.5 MW load. The contribution of each source of electricity in the test system
towards the total power generation is shown in Table 4.9. This system is also investigated
when the system experiences faults and simulation results are illustrated in Figures 4.30
and 4.31 when the fault is applied on bus 799 and bus 741 respectively. The results show
that the voltage recovery meets the LVRT requirements, as the terminal voltages at the

system buses return quickly to nominal values.
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Table 4.9: Power generation source outputs and their locations (wind FRC case).

Grid CDG Wind FRC
Total Generation 0.54 MW 2 MW 1.5 MW
Location Bus 799 Bus 740 Bus 741

(a) Terminal voltage at bus 799 (b) Terminal voltage at the CDG bus
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Figure 4.30: Voltage recovery for the 35 % wind based on the FRC penetration case of
the 37 bus system (the fault is applied on bus 799) - (a) Terminal voltage at bus 799, (b)
Terminal voltage at the CDG bus, (c) Terminal voltage at bus 741, (d) Voltage
waveforms at bus 741, (e) Current waveforms at wind FRC bus, (f) Voltage waveforms
at wind FRC bus.
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Figure 4.31: Voltage recovery for the 35 % wind based on the FRC penetration case of
the 37 bus system (the fault is applied on bus 741) - (a) Terminal voltage at bus 799, (b)
Terminal voltage at the CDG bus, (c) Terminal voltage at bus 741, (d) Voltage
waveforms at bus 741, (e) Current waveforms at wind FRC bus, (f) Voltage waveforms
at wind FRC bus.

E- 35 % Mixed Renewables Penetration
In this case, 1 MW wind based on the DFIG is installed with a 1 MW load at bus 741 and

0.5 MW PV is also installed at bus 737 with a load 0.5 MW. The contribution of each
generating unit towards the total power generation in this test system is shown in Table
4.10. The voltage recovery of the test buses is illustrated in Figures 4.32 and 4.33 when
the three phase is applied for 200 milliseconds on bus 799 and bus 741 respectively. The
simulation results show that the terminal voltages return to nominal values in a short time

period and this meets the LVRT requirements of the grid codes.
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Table 4.10: Power generation source outputs and their locations (mixed renewables
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Figure 4.32: Voltage recovery for the 35 % mixed renewables penetration case of the 37

bus system (the fault is applied on bus 799) - (a) Terminal voltage at bus 799, (b)
Terminal voltage at the CDG bus, (c) Terminal voltage at bus 741, (d) Voltage

waveforms at bus 741, (e) Terminal voltage at bus 737 (PV), (f) Voltage waveforms at
bus 737 (PV), (g) Current waveforms at DFIG bus, (h) Voltage waveforms at DFIG bus.
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Figure 4.33: Voltage recovery for the 35 % mixed renewables penetration case of the 37
bus system (the fault is applied on bus 741) - (a) Terminal voltage at bus 799, (b)
Terminal voltage at the CDG bus, (c) Terminal voltage at bus 741, (d) Voltage
waveforms at bus 741, (e) Terminal voltage at bus 737 (PV), (f) Voltage waveforms at
bus 737 (PV), (g) Current waveforms at DFIG bus, (h) Voltage waveforms at DFIG bus.
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4.7.3 IEEE 123 Bus Distribution System
The IEEE 123 Node Test Feeder is another test system for distribution system analysis,

published by the IEEE Power Engineering Society [195]. A schematic diagram of this
system is shown in Figure 4.34. Detailed data regarding this system are given in Appendix
B.3. This system is connected to the ac grid through a two winding ac transformer. Bus
150 is the bus which interconnects the grid with the test network. This bus has been
selected because it is directly connected to the grid through a transformer, which is named
a substation. The IEEE 123 bus distribution network data are summarised in Table 4.11.
A CDG is assumed to be connected at bus number 96, which is one of the farthest nodes
from the grid and close to the renewable units’ location, to investigate the transient
stability of the synchronous generator. Detailed data regarding this CDG are given in
Appendix C. The grid is assumed to be an infinite bus. Power flow data regarding the 123
bus distribution system are given in Appendix B.3, where the grid bus is assumed to be
the slack. The DG based on renewable resources are connected to the farthest node from
the grid, which is bus number 85. The same test procedure as for the LVRT grid code
requirements, which have been discussed in the previous distribution networks, will be
followed. A three phase fault will be applied on bus 150 and bus 85 respectively for 200

milliseconds to investigate the voltage recovery of the system buses.

Figure 4.34: IEEE 123 Node Test Feeder.
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Table 4.11: IEEE 123 Bus Network Data.

No. of No. of No. of Total Total Load  Total Losses
Buses Loads Lines Generation
123 85 118 3.63 MW 3.49 MW 0.13 MW
2.27 MVAr 1.92 MVAr  0.34 MVAr
A- Base Case
As shown in sections 4.7.1 and 4.7.2, the distribution networks have been investigated for

their match with the LVRT requirements. These requirements will also be discussed in

this section in regards to the IEEE 123 test distribution system. For this reason, a three

phase fault is applied on bus 150 and bus 85 for 200 milliseconds duration. Simulation

Ics

ults for the voltage recovery at system buses are shown in Figures 4.35 and 4.36

respectively. The results show that the system complies with the LVRT grid code

requirements, as the terminal voltages return quickly to their nominal values.
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Figure 4.35: Voltage recovery for the base case of the 123 bus system (the fault is

applied on bus 150) - (a) Terminal voltage at bus 150, (b) Terminal voltage at bus 85,

(c) Terminal voltage at the CDG bus, (d) Voltage waveforms at bus 150.
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Figure 4.36: Voltage recovery for the base case of the 123 bus system (the fault is

applied on bus 85) - (a) Terminal voltage at bus 150, (b) Terminal voltage at bus 85, (c)
Terminal voltage at the CDG bus, (d) Voltage waveforms at bus 85.

B- 35 % PV Penetration

Photovoltaic is installed at bus 85 with 2 MW output power and the contribution of each

generating unit in the network towards the total power generation is shown in Table 4.12.

A 2 MW load is also added at bus number 85 for the reason mentioned in section 3.7.1.

The system meets the LVRT requirements as the terminal voltages return to their nominal

values in a short time period, as shown in Figures 4.37 and 4.38, when the three phase

fault is applied on bus 150 and bus 85 respectively.

Table 4.12: Power generation source outputs and their locations (PV case).

Grid CDG PV
Total Generation 1.63 MW 2 MW 2 MW
Location Bus 150 Bus 96 Bus 85
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(a) Terminal voltage at bus 150 (b) Terminal voltage at the CDG bus
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Figure 4.37: Voltage recovery for the PV case of the 123 bus system (the fault is applied
on bus 150) - (a) Terminal voltage at bus 150, (b) Terminal voltage at the CDG bus, (c)
Terminal voltage at bus 83, (d) Voltage waveforms at bus 835.
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Figure 4.38: Voltage recovery for the PV case of the 123 bus system (the fault is applied
on bus 85) - (a) Terminal voltage at bus 150, (b) Terminal voltage at the CDG bus, (c)
Terminal voltage at bus 83, (d) Voltage waveforms at bus 835.
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C- 35 % Wind based on DFIG Penetration

A wind generator based on DFIG technology is installed at bus 85 with 2 MW output

power. The contribution of the generating sources in this test system are illustrated in

Table 4.13. A 2 MW load is also added to bus 85. A three phase fault is applied on bus

150 and bus 85 to investigate the voltage recovery of the system buses, as shown in Figures

4.39 and 4.40 respectively. The simulation results show that the system meets the LVRT

requirements because the terminal voltages recover quickly after the fault is cleared.

Table 4.13: Power generation source outputs and their locations (DFIG case).

Grid CDG Wind DFIG
Total Generation 1.63 MW 2 MW 2 MW
Location Bus 150 Bus 96 Bus 85
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Figure 4.39: Voltage recovery for the 35 % wind based on the DFIG penetration case of
the 123 bus system (the fault is applied on bus 150) - (a) Terminal voltage at bus 150,
(b) Terminal voltage at the CDG bus, (c) Terminal voltage at bus 85, (d) Voltage
waveforms at bus 83, (e) Current waveforms at DFIG bus, (f) Voltage waveforms at

DFIG bus.
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Figure 4.40: Voltage recovery for the 35 % wind based on the DFIG penetration case of
the 123 bus system (the fault is applied on bus 85) - (a) Terminal voltage at bus 150, (b)
Terminal voltage at the CDG bus, (c) Terminal voltage at bus 85, (d) Voltage waveforms
at bus 83, (e) Current waveforms at DFIG bus, (f) Voltage waveforms at DFIG bus.

D- 35 % Wind based on Synchronous Generator with Fully Rated Converters
In this case, a 2 MW wind generator with FRC is installed at bus 85 with 2 MW output

power. The generation contribution of each source in the system is illustrated in Table

4.14. The terminal voltages of this system have been investigated when a three phase fault

is applied on bus 150 and bus 85 to ensure that the voltage recovery meets the LVRT grid

code requirements. Figures 4.41 and 4.42 show that the voltage recovery at the targeted

buses meets the LVRT requirements, as the voltages return quickly to their nominal

values.

Table 4.14: Power generation source outputs and their locations (wind FRC case).

Grid CDG Wind FRC
Total Generation 1.63 MW 2 MW 2 MW
Location Bus 150 Bus 96 Bus 85
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Figure 4.41: Voltage recovery for the 35 % wind based on the FRC penetration case of
the 123 bus system (the fault is applied on bus 150) - (a) Terminal voltage at bus 150,
(b) Terminal voltage at the CDG bus, (c) Terminal voltage at bus 85, (d) Voltage
waveforms at bus 85, (e) Current waveforms at wind FRC bus, (f) Voltage waveforms at
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Figure 4.42: Voltage recovery for the 35 % wind based on the FRC penetration case of

the 123 bus system (the fault is applied on bus 85) - (a) Terminal voltage at bus 150, (b)

Terminal voltage at the CDG bus, (c) Terminal voltage at bus 83, (d) Voltage waveforms

at bus 85, (e) Current waveforms at wind FRC bus, (f) Voltage waveforms at wind FRC
bus.
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E- 35 % Mixed Renewables Penetration
In this case, 1.5 MW wind based on the DFIG is installed at bus 85 with a 1.5 load and

0.5 MW PV is installed with a 0.5 MW load at bus 114. The contribution of the generating
units towards the total power generation is shown in Table 4.15. To investigate the LVRT
requirements, a three phase fault is applied on bus 150 and bus 85, as illustrated in Figures
4.43 and 4.44 respectively. The voltage recovery of the system buses complies with the

LVRT requirements, as the terminal voltages recover to initial values in a short time

period.

Table 4.15: Power generation source outputs and their locations (mixed renewables

case).
Grid CDG Wind DFIG PV
Total Generation 1.63 MW 2 MW 1.5 MW 0.5 MW
Location Bus 150 Bus 96 Bus 85 Bus 114
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Figure 4.43: Voltage recovery for the 35 % mixed renewables penetration case of the
123 bus system (the fault is applied on bus 150) - (a) Terminal voltage at bus 150, (b)
Terminal voltage at the CDG bus, (c) Terminal voltage at bus 85, (d) Voltage waveforms
at bus 85, (e) Terminal voltage at bus 114 (PV), (f) Voltage waveforms at PV bus, (g)
Current waveforms at DFIG bus, (h) Voltage waveforms at DFIG bus.
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Figure 4.44: Voltage recovery for the 35 % mixed renewables penetration case of the
123 bus system (the fault is applied on bus 85) - (a) Terminal voltage at bus 150, (b)
Terminal voltage at the CDG bus, (c) Terminal voltage at bus 83, (d) Voltage waveforms
at bus 85, (e) Terminal voltage at bus 114 (PV), (f) Voltage waveforms at PV bus, (g)
Current waveforms at DFIG bus, (h) Voltage waveforms at DFIG bus.

4.8 Conclusions

Distributed generation based on wind and photovoltaic energy has increased dramatically
in distribution networks due to economic incentives and the need to reduce greenhouse
gas emissions. This rapid increase has changed FRT grid requirements and new
requirements have been asked from several power system operators worldwide, as the
disconnection of large parts of these renewables during fault conditions leads to system
instability. The interconnection requirements of renewable energy sources vary from
country to country and they are not necessarily depend on the penetration level of
renewable energy in power systems. For instance, countries with a weak power system

such as Ireland already require FRT capabilities for the interconnected of renewable
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sources at a lower renewable penetration [27]. This chapter has discussed the need to ride
through grid faults and different generic distribution systems have been investigated while
they experience severe fault conditions, such as three phase faults. There are two different
locations for the applied fault that have been selected to discuss the FRT performance of
the distribution networks. Distributed generation based on renewables could be at risk of

overvoltages and/or overcurrents if the fault location is close to the connection terminals.

It has been shown that DC link voltages of DGs based on renewable energy increase
during a fault and this could damage the power electronic converters of the DG units.
Therefore, the converters should be protected from the impact of such faults. When a DC
chopper is added to the DC link of wind generators the results show that the DC link
voltages can be kept within acceptable limits. It is important to know that inclusion of
FRT capabilities for some renewable sources such as DFIG increases the overall cost of
the unit by 5% [27]. For a PV system, a three phase two stage transformerless grid
connected has been proposed with a new technique to protect the converters from faults
and to maintain the DC link voltage within given limits. The voltage recovery of different
distribution systems with high renewable energy penetration has been investigated in this

chapter and the simulation results show that they meet the LVRT grid code requirements.
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CHAPTER S Transient Stability of Distribution
Systems with High Renewable Energy Penetration

5.1 Introduction

Increasing concerns over the shortage of fossil fuels and environmental issues have led to
acceleration in the development of renewable energy sources. The current renewable
portfolios of several countries around the world show that they have set targets to increase
the penetration of their renewable sources into their power systems, aimed at addressing
the need for clean and sustainable sources of energy. These factors have encouraged the
increased penetration of distributed generation based on renewable energy, such as wind
and solar energy, into distribution systems. Increased penetration of relatively large
distributed generation units based on renewable energy resources into distribution
networks in response to the rapid increase in demand for clean energy in recent years has
changed the nature and dynamics of distribution systems. Some of these DG units are
connected to the grid through a power electronics interface that decouples their dynamics
from the grid [40, 197]. As a result they are unable to contribute system inertia. As the
proportion of the power generated from such distributed generation units becomes
significant and vital to system stability, a new operating regime for these units may be
required in order to ensure safe and reliable system operation, especially during operation
in small to medium scale, low and medium voltage, micro or smart grids [198]. For a
micro grid to be able to operate safely as an independent network or as part of a larger
grid, each DG unit must contribute to the power system stability and operation in the same
manner as large conventional power plants. Such requirements may force small scale wind
power producers to move away from fixed speed induction generators and adopt variable
speed wind generators such as the DFIG or synchronous generator with fully rated
converters, as they inherently have the ability to participate in ac voltage control.
Photovoltaic based solar energy also has the ability to meet such requirements by

modifying its control system. Traditionally [39], these renewable units had a small impact
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on power system stability as they were deployed on a small scale. However, when the
penetration level of renewable sources increases, the dynamic performance of the power
system can be affected. This chapter investigates the transient stability of different generic
distribution systems with high renewable energy penetration when the systems experience

a severe grid disturbance such as faults.

5.2 Power System Stability Background

The importance of power system stability is a concern at the early stage of the
development of a power system. The increase in the complexity and dimension of power
systems over the years makes the power system stability phenomenon an even more
important and challenging issue. Modern power generating plants such as renewables are
an example of the stability challenging problem, as these units have a different nature of
dynamics which make the control of the power system more complicated [24]. The
definition and classification of power system stability are shown in [199]. Power system
stability is classified into three main types, as illustrated in Figure 5.1. Among these types,
rotor angle stability is one of the most significant phenomena in power system literature.
It refers to the ability of synchronous machines (SMs) in a power system to remain in
synchronism after being subjected to a disturbance. The synchronous machines of an
interconnected power system can remain in synchronism depending on the ability to
maintain/restore equilibrium between mechanical torque and electromagnetic torque of
each SM in the system. Instability that may result occurs when the angle swings of some

generators increase, which results in loss on their synchronism with other generators.
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Power System Stability
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Stability Stability Stability
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Figure 5.1: Power system stability classification.

Rotor angle stability is divided into two categories, small-disturbance angle stability and
large-disturbance angle stability known as Transient Stability. This chapter considers only
the transient stability of distribution systems. Transient stability of a distribution system
is defined as the ability of the system to maintain synchronism when subjected to a severe
transient disturbance, such as faults, loss of a large load or loss of generation [200]. The
system’s response to such disturbances involves large excursions of generator rotor
angles, terminal voltages and other system variables. In most cases, system instability can
be avoided by the action of protective devices which can prevent damage to power system
components caused by overvoltages and/or overcurrents. The main objective of this
chapter is to investigate the transient stability of different generic distribution systems
with high renewable energy penetration and whether the systems remain stable or not
when a severe disturbance occurs. The severe disturbance which is considered in this

chapter is a three phase fault, which is applied at different buses in the system.
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5.3 Transient Stability Analysis

The power system has to experience a large disturbance, such as a three phase fault, to
conduct the transient stability analysis. One of the parameters used to test the stability of
the system is the generator rotor angle measured with respect to a synchronously rotating
reference. The Transient Stability Index (TSI) is a method used to assess the severity of a
contingency and the trajectory of a power system following a large disturbance, such as
faults. The TSI can be calculated based on an angle margin algorithm, as illustrated in
equation 5.1 [201].

TSI = 30~ 0%max » 100 | where -100 < TSI < 100 (5.1)
360°+ Smax

Where 0max 1s the maximum angle separation in degrees between any two generators at
the same time in the post-fault response. When the index (TSI) is greater than zero the

system is stable; however, if TSI < zero, the system is unstable.

In this chapter, the transient stability of a synchronous generator will be investigated in
different distribution systems with high renewable energy penetration. Two different fault
locations are assumed to study the transient stability, one close to the SG on the renewable
bus (as discussed in Chapter 4) and the second on the grid bus. During the fault, the
synchronous generator electric torque falls below the mechanical torque and this leads to
acceleration of the rotor, causing a higher rotor angle position. For an induction generator
such as the DFIG, the physical position of the rotor and the rotor flux vector are not
directly connected due to its asynchronous operation. Hence, the dynamic response of this
type of generator to grid disturbances is unlike that of synchronous generators [202]. The
dynamic response characteristics of other DG units to system disturbance, such as
photovoltaic ones, are also different. Therefore, wind based DFIG and photovoltaic grid
connected systems are considered in this chapter as renewables sources, as well as a wind

based synchronous generator with fully rated converters.
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5.4 Wind Generation Impact on Transient Stability

In recent years, renewable energy sources such as wind have obtained worldwide attention
due to the significant increase in greenhouse gas emissions and the shortage of fossil fuels.
Therefore, wind generating units have been considered as an alternative source of energy
to replace fossil fuel power plants and they have increased dramatically due to strong
governmental and industrial support. Due to the intermittent nature of wind speed, wind
power generation produces variable power. The increase of wind grid connected systems
raises a momentous concern about their impact on power system stability [136, 137, 203].
Wind power generation systems based on the DFIG are one of the most common
technologies used in recent years, being attractive as they capture more power by
implementing variable speed control and can control output power precisely through the

power electronics interface.

The impact of integrating wind power based on the DFIG on a power system’s transient
stability has been discussed in literature. In [41, 204], they show that transient stability
can be improved when conventional synchronous generators are replaced by wind ones
based on the DFIG with the same capacity. Another research paper concludes that a power
system’s transient stability can be either enhanced or reduced when a DFIG based wind
generator replaces conventional SGs [42]. The inertia of a wind turbine based on the DFIG
is decoupled from the system and the power electronic converters control the performance
of the units and act as an interface between the generator and the grid. The DFIG is
traditionally controlled to capture maximum available power from the wind. Hence, with
an increase in the penetration level of wind generating units based on the DFIG, the
effective inertia of the system will be decreased. Therefore, power system reliability can
be affected when a system experiences large disturbances such as faults. The transient
stability of a power system with a high penetration of wind based on the DFIG could not
be affected if the power electronic converters of the DFIG are equipped with fault ride
through capability [43]. Various researchers have studied system transient stability in

transmission systems, such as [205]. However, in this chapter the transient stability of
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different distribution networks is investigated when the system has a high penetration of

wind based on the DFIG.

A wind power system based on a synchronous generator with fully rated converters (FRC)
has been considered as the system with the most potential for the near future, as it can
regulate reactive power to a certain degree with decoupled control of active and reactive
powers. However, with the increase in the integration of wind energy sources into power
systems, the stability of these systems is affected and depends on the dynamic
characteristics of the wind energy unit [44]. The transient stability of wind turbines based
on a synchronous machine with fully rated converters has been discussed somewhat in
literature, such as in [45, 206]. The higher the penetration of wind based on a synchronous
generator with FRC in the system, the lower the stability of the system is [46]. However,
this chapter will also investigate the impact of high penetration of wind based on a
synchronous generator with full scale converters on the transient stability of different
systems at the distribution voltage level, where no reactive power supporters or FACTS

devices are in the system.

5.5 Photovoltaic Generation Impact on Transient Stability

As shown earlier, transient stability is significant in large scale renewable energy grid
connected systems. However, most research studies have investigated wind energy
systems. On the other hand, due to the rapid growth in the penetration of photovoltaic
systems connected to the grid, their transient stability should be studied. With the increase
in the penetration of PV grid connected systems, the transient stability of systems may be
influenced, as PV has different characteristics from conventional synchronous generators.
In the future, a significant amount of conventional synchronous generators could be
replaced by large scale PV grid connected systems and this could lead to a reduction in
system inertia. The impact of small photovoltaic systems on the operation of distribution
systems has been discussed in [47, 207]. Power system transient stability for systems with
high photovoltaic penetration has been assessed in [48, 49, 208]. It has been shown in [50]
that system transient stability in high PV grid connected systems can be affected by PV
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topologies and fault locations. The appropriate levels of PV penetration in a power system
and the presence of fault ride through (FRT) capability can improve transient stability [50,
209]. This chapter investigates the transient stability of different generic distribution

systems with high penetration levels of PV grid connected systems.

5.6 Modelling and Control of Renewable Energy Systems

Due to the dramatic increase of renewable energy sources in power systems, large scale
wind and PV grid connected systems have changed from being simple energy sources to
having advanced control to meet new grid code requirements. This section discusses the
modelling and control of distributed generation based on wind and solar energy, which
will be used to examine the impact on system transient stability. Three different renewable
technologies are used to observe the impact of them on transient stability. They are a wind
turbine based on the DFIG, a wind turbine based on a synchronous generator with fully
rated converters, and photovoltaic based solar energy. These renewable energy units have
been modelled with two types of software, MATLAB/SIMULINK and the commercial
package DIgSILENT POWERFACTORY.

5.6.1 DFIG Modelling and Control
In recent years, DFIG based wind energy has become the most widely installed due to its

capability to provide reactive power, its relatively small rating of power electronic
converters and its high efficiency [210]. With the continuous growth of the penetration of
wind based on the DFIG, the impact of wind power on power systems needs to be studied
in more depth [211]. As shown in Chapters 3 and 4, DFIG technology has two power
converters called the rotor side converter (RSC) and the grid side converter (GSC). They
are connected back to back through a DC link. The RSC is connected to the rotor windings
while the GSC is linked to the ac grid. The RSC controls the rotor speed by changing its
output frequency depending on the wind speed and it also controls the stator terminals
power factor. On the other hand, DC link voltage is kept and controlled within limits by
the GSC. The grid side converter can be controlled to provide or absorb reactive power.
The vector control of the DFIG’s power converters in a d-q synchronous frame was shown

in Chapter 3.
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5.6.2 Wind Turbine based on Synchronous Generator with Fully Rated Converters
A variable speed wind turbine based on a synchronous generator with fully rated

converters is a popular option for modern wind turbines. It has two power converters, RSC
and GSC, as discussed in Chapter 3. There are several topologies for this technology, such
as two level back to back Pulse Width Modulated voltage source converters. However,
this thesis uses one of the most popular topologies of wind based on an FRC synchronous
generator which considers the RSC as a diode rectifier with a boost converter and the GSC
as a voltage source inverter. A schematic diagram of this topology with the converter

control in the d-q frame was given in Chapter 4.

5.6.3 Solar Energy based on Photovoltaic
There are different topologies for PV grid connected systems, as discussed in Chapter 2.

The problem with PV systems is that there are so many topologies in the market and it is
difficult to find standard modules for application, unlike with wind energy for example.
In this chapter, the PV grid connected system is simplified to enhance the execution time
of the simulations. It consists of a DC voltage source which represents the PV panel and
the DC-DC converter, a voltage source inverter. The active and reactive powers of the PV
system can be controlled by modifying the control of the PV inverter. The control of the
PV inverter depends on the d-q synchronous reference frame like the control in wind

power electronic converters as shown in Chapter 4.

5.7 Simulation Scenarios

In this chapter, different generic distribution networks with high renewable energy
penetration subject to different fault conditions are investigated. The transient stability is
discussed and analysed using the transient stability index method explained earlier to
investigate different simulation scenarios. These scenarios are a distribution systems base
case when there are no renewables, 35 % penetration of photovoltaic grid connected
system, 35 % wind based on DFIG penetration, 35 % wind based on FRC synchronous
generator, and 35 % mixed renewables penetration based on wind and solar energy. The
transient stability is investigated when the distribution systems experience a three phase

fault in different locations. The distribution networks which are considered in this chapter
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are the modified IEEE 13 bus, IEEE 37 bus and IEEE 123 bus test systems. To perform
the simulations, two types of software have been used to study the transient stability of
the selected networks, namely MATLAB/SIMULINK and DIgSILENT
POWERFACTORY.

5.7.1 IEEE 13 Bus Distribution System
The IEEE 13 Node Test Feeder is one of the test systems used for distribution system

analysis, published by the IEEE Power Engineering Society [195]. A schematic diagram
of this system has been shown in Figure 4.8 of Chapter 4. Summarised data regarding the
IEEE 13 bus system have been illustrated in Table 4.1 and detailed data are shown in
Appendix B.1. The same test procedure as in Chapter 4, section 4.5.1, is used in this
chapter; the grid is an infinite bus and is connected to bus 650, and a CDG based on
synchronous generator is assumed to be connected at bus 611 to examine the transient
stability of the synchronous generator. Detailed data regarding this CDG are given in
Appendix C and the power flow data of the IEEE 13 bus system are shown in Appendix
B.1, where the grid has been assumed as the slack. Distributed generation based on
renewable energy is connected to bus 680. Selection of the locations of the grid, the CDG

and the renewable units has been discussed in section 4.7.1.

To investigate the transient stability of the selected distribution systems with high
renewable energy penetration is the main objective of this chapter. A large disturbance
should be applied to test the systems for study of the transient stability. Therefore, for each
simulation scenario a three phase fault is applied on one of the system buses. There are
two buses in the IEEE 13 bus system that have been selected as fault locations, bus 650,
which is the grid bus, and the renewable sources bus, which is bus number 680. The
applied fault starts at 3 seconds in the simulations and it is cleared at 3.2 seconds, which
means the duration of the fault is 200 milliseconds. The fault impedance is assumed to be

zero to observe the worst case scenario.

A- Base Case
A CDG is installed at bus 611 with 2 MW output power, while the grid generates 1.62

MW in the IEEE 13 bus system. When a three phase fault is applied to bus 650 for 200
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milliseconds at 3 seconds, the rotor angle of the CDG will change during the fault duration.

Figure 5.2 shows the load angle, the rotor speed, and the active and reactive powers of the

CDG. The figure shows that the commercial package DIgSILENT POWERFACTORY

gives a relatively close dynamic result compared to MATLAB/SIMULINK. However,

there is a slight difference after the fault is cleared between the two software and a

considerable difference in the overshoot at 3.2 seconds when the fault is cleared. It also

shows that the system remains stable after the system is subjected to the large disturbance.

The second fault location is on bus 680 and the response of the CDG to this fault is

illustrated in Figure 5.3. The figure shows that the system maintains stability after the fault

clears at 3.2 seconds.
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Figure 5.2: CDG responses in 13 bus system to a fault on bus 650 (base case) - (a) load

angle, (b) rotor speed, (c) active power, (d) reactive power.
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Figure 5.3: CDG responses in 13 bus system to a fault on bus 680 (base case) - (a) load
angle (b) rotor speed (c) active power (d) reactive power.

B- 35 % PV Penetration
A photovoltaic grid connected system is installed at bus 680 with 2 MW output power,

which represents 35 % of the total generation in the system. Detailed data regarding the
PV systems are shown in Appendix D. When the renewable sources are injected into the
distribution system, an additional load is added to the system at the same bus (bus 680)
which equals the same additional generation 2 MW. The additional load is added to the
distribution network to ensure accuracy in the results and the effect of the renewable units
on the system. This step ensures that the total loading of the grid and the CDG will be the
same in the base case and after adding the renewables to the system. The location and

capacity of each generation source in the system are illustrated in Table 5.1.

Table 5.1: Power generation source outputs and their locations (PV case) in the IEEE
13 bus system.

Grid CDG PV
Total Generation 1.62 MW 2 MW 2 MW
Location Bus 650 Bus 611 Bus 680
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The same procedure as in the base case is used here to observe the response of the
synchronous generator (CDG) in the system to a transient fault which is applied to the
grid bus and the PV bus respectively. Figures 5.4 and 5.5 show the impact of the added
PV systems on the transient stability of the synchronous machine. The figures show that
the system will remain stable after the fault is cleared. Active and reactive powers of the
CDG and PV system are also illustrated. These results are with no fault ride through
capability for the PV system. However, some grid codes require renewable units to
provide reactive power during system disturbances. It is not the purpose of this chapter to
investigate reactive power, rather it considers only the response of the synchronous
machine to system disturbances and whether the system remains stable or not. Therefore,
the worst case scenario when the DG based renewable without reactive power dynamic
support to the grid is used in this chapter. However, the PV converters should be protected
from the overvoltages and overcurrents that caused during the fault duration. The
protection of the PV converters and FRT have been discussed in Chapter 4. Figure 5.4
shows that when the fault is applied on bus 650 (far away from the CDG), there is a slight
difference in the response of the CDG during the fault between the Simulink and the
PowerFactory, as the PV model in the PowerFactory detects the fault and the active power
of the PV drops to zero, while in the Simulink the power falls to 0.5 MW. However, they
have the same performance when the fault is applied on the PV bus at bus 680 (close to

the CDG), as shown in Figure 5.5.
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(PV case) - (a) CDG load angle, (b) CDG rotor speed, (c) CDG active power, (d) CDG
reactive power, (e) PV active power, (f) PV reactive power.
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Figure 5.5: Conventional DG and PV responses in 13 bus system to a fault on bus 680
(PV case) - (a) CDG load angle, (b) CDG rotor speed, (c) CDG active power, (d) CDG
reactive power, (e) PV active power, (f) PV reactive power.

C- 35 % Wind based on DFIG Penetration

DFIG based wind energy is installed at bus 680 with 2 MW output power, which is 35 %

of the total power generation in the test system. The DFIG parameters and detailed data

are given in Appendix D. In the same manner as the PV case, a 2 MW load is added at

bus 680 for the same reason. Table 5.2 shows the location and capacity of each source of

power in the system.

Table 5.2: The capacity of energy sources and their locations (DFIG case).

Grid CDG Wind DFIG
Total Generation 1.62 MW 2 MW 2 MW
Location Bus 650 Bus 611 Bus 680
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For a three phase fault applied on bus 650, the DG based on a conventional synchronous
generator and the DFIG based wind energy responses are illustrated in Figures 5.6 and 5.7
respectively. These responses of the CDG and the DFIG are different when the fault
location is on bus 680, which is close to the CDG, as shown in Figures 5.8 and 5.9
respectively. The DFIG is modelled without protection in Simulink, as illustrated in
Chapter 4, with no FRT capability. However, the DFIG in the PowerFactory has crowbar
protection to protect the converters. The simulation results illustrated in these figures show
that the system is stable when a large disturbance is applied far away from the CDG at bus
650 and when the fault is applied close to the CDG unit. It has also been shown that the
DC link is kept within limits when the fault is far away from the DFIG. However, it will
be affected when the fault is on the same bus of the DFIG and it needs protection, which

is discussed in detail in Chapter 4.

(a) Load Angle (b) Rotor Speed
T T T T T T

T 1.03 T

w a8 123
= S S
T T
= =
) )
= =

o
S
T

Roftor Speed (p.u.)
g
8 N

Load Angle Deita (deg)

=
=
T

=
T

IS
©
&

—

= DIgSILENT PowerFactory
——— MATLAB SIMULINK

o
=
g
©
<

Time (s) Time (s)

(c) Active Power ‘ (d) Reactive Power
T T T T T T T T T

Q (MvAr)
= N

P (MW)
O S e
R S

———DIgSILENT PowerFactory
—— MATLAB SIMULINK

= DIgSILENT PowerFactory | |
——— MATLAB SIMULINK

I 1 I I I I I T I 2 I I 1 I I I I I I

0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Time (s) Time (s)
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D- 35 % Wind based on Synchronous Generator with Fully Rated Converters
The same test procedure as in case B and C will be used to test the wind unit based on a

synchronous generator with fully rated converters (FRC) for the transient stability. A 2
MW synchronous generator with FRC is installed at bus 680 with 2 MW added. The wind
(FRC) parameters and detailed data are given in Appendix D. The total power generation
in the system, which is contributed towards by different sources, is illustrated in Table

5.3.

Table 5.3: The capacity and location of each generation source in the system (wind FRC

case).
Grid CDG Wind FRC
Total Generation 1.62 MW 2 MW 2 MW
Location Bus 650 Bus 611 Bus 680

When a three phase fault is applied on bus 650 (the grid bus) and the renewable bus, which
is bus 680, the CDG has different responses to the disturbance, as shown in Figures 5.10
and 5.11 respectively. As shown, the transient stability can be influenced by the location

of the disturbance. The responses of the wind generator based on FRC to the applied faults
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are illustrated in Figures 5.10 and 5.11 respectively. It is shown in Figure 5.10 that the
transient stability can be improved if the wind unit provides dynamic reactive power
support during the fault, as the PowerFactory model shows. From these figures it is clear
that the system with high wind based FRC penetration remains stable when the system

experiences a large disturbance such as faults at different locations.
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Figure 5.10: CDG and wind based on FRC responses in the 13 bus system to a fault on
bus 650 (FRC wind case) - (a) CDG load angle, (b) CDG rotor speed, (c) CDG active
power, (d) CDG reactive power, (e) wind FRC active power, (f) wind FRC reactive
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Figure 5.11: CDG and wind based on FRC responses in the 13 bus system to a fault on
bus 680 (FRC wind case) - (a) CDG load angle, (b) CDG rotor speed, (c) CDG active
power, (d) CDG reactive power, (e) wind FRC active power, (f) wind FRC reactive

power.

E- 35 % Mixed Renewables Penetration
This case examines the CDG transient stability when there is high penetration of mixed

renewables energy based on solar and wind energy. Mixed renewables based on the DFIG

and photovoltaic system are installed in this case; 1.5 MW wind based on the DFIG is
installed at bus 680 with a 1.5 MW load and 0.5 MW solar based on photovoltaic is
installed at bus 652 with 0.5 MW load. The reason for adding the new loads has been

explained in case A. Table 5.4 shows the contribution of each source of energy in the test

system to the total power generation.

Table 5.4: Output power of each energy source and locations (mixed renewables case).

Grid CDG Wind DFIG PV
Total Generation 1.62 MW 2 MW 1.5 MW 0.5 MW
Location Bus 650 Bus 611 Bus 680 Bus 652
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The responses of the CDG based synchronous generator to a three phase fault applied on

the grid bus and on the renewable bus are illustrated in Figures 5.12 and 5.14 respectively.

Figures 5.13 and 5.15 show the behaviour of the renewable units when the system

experiences a large disturbance on bus 650 and bus 680 respectively. From these figures

it is clear that the system remains stable. However, the renewable units need to be

protected during faults from overvoltages, as discussed in Chapter 4.
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Figure 5.12: CDG responses in 13 bus system to a fault on bus 650 (mixed renewables
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Figure 5.14: CDG responses in 13 bus system to a fault on bus 680 (mixed renewables
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Figure 5.15: Renewable units’ responses in 13 bus system to a fault on bus 680 (mixed
renewables case), (a) DFIG active power, (b) DFIG reactive power, (c) DFIG rotor
speed, (d) DFIG DC link voltage, (e) PV active power, (f) PV reactive power.

Table 5.5 illustrates the transient stability analysis of the IEEE 13 bus system with
different case scenarios using the Transient Stability Index (TSI) method, which has been
discussed earlier. It shows that the DG units based on renewable energy reduce the
transient stability of a system when the system experiences a three phase fault at different

locations.
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Table 5.5: Transient stability analysis of the IEEE 13 bus system using TSI in %,
stable>0), unstable<0.

TSI Base PV Wind DFIG Wind FRC Mixed
case case case case renewables case
Fault on 81.36 80 76.47 81.8 78.22
bus 650
Fault on 80.22 78.22 76.03 80.90 77.77
bus 680

5.7.2 IEEE 37 Bus Distribution System
The IEEE 37 Node Test Feeder is another test system used for distribution system

analysis, published by the IEEE Power Engineering Society [195]. A schematic diagram
of this system is shown in Chapter 4, Figure 4.23. Detailed data regarding this system are
given in Appendix B.2. The system is connected to the ac grid through a two winding ac
transformer. Bus 799 is the bus which interconnects the grid with the test network. IEEE
37 bus distribution network data are summarised in Chapter 4, Table 4.6. A CDG is
assumed to be connected at bus number 740. Detailed data regarding this CDG are given
in Appendix C. The grid is assumed to be an infinite bus. Detailed data regarding the
power flow of the 37 bus distribution system are given in Appendix B.2, where the grid
bus is assumed to be the slack. The DG based on renewable energy is connected to bus
741 and the selection of the locations of each generating unit in the system has been
discussed in Chapter 4. The same test procedure as for the IEEE 13 bus system discussed

in section 5.7.1 is used here to investigate transient stability.

A- Base Case
The CDG responses to the applied fault on bus 799 and bus 741 are shown in Figures 5.16

and 5.17 respectively. They show that the system remains stable after the applied fault is

cleared and returns to pre-fault conditions.
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Figure 5.16: CDG responses in 37 bus system to a fault on bus 799 (base case) - (a)

load angle, (b) rotor speed, (c) active power, (d) reactive power.
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Figure 5.17: CDG responses in 37 bus system to a fault on bus 741 (base case) - (a)
load angle, (b) rotor speed, (c) active power, (d) reactive power.

B- 35 % PV Penetration
A 1.5 MW PV system is installed on bus 741, which represents 35 % of the total

generation, as illustrated in Table 4.7 in Chapter 4. A 1.5 MW load is installed at the same
bus for the same reason as discussed earlier. Figures 5.18 and 5.19 show the generating
units’ responses to the transient fault applied on bus 799 and bus 741 respectively. As can
be seen, the system remains stable after the fault is cleared and returns to pre-fault

conditions.
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Figure 5.18: CDG and PV responses in 37 bus system to a fault on bus 799 (PV case) -
(a) CDG load angle, (b) CDG rotor speed, (c) CDG active power, (d) CDG reactive
power, (e) PV active power, (f) PV reactive power.
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Figure 5.19: CDG and PV responses in 37 bus system to a fault on bus 741 (PV case) -
(a) CDG load angle, (b) CDG rotor speed, (c) CDG active power, (d) CDG reactive
power, (e) PV active power, (f) PV reactive power.
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C- 35 % Wind based on DFIG Penetration
DFIG based wind is installed at bus 741 with 1.5 MW power output. A 1.5 MW load is

also installed at the same bus. The CDG based synchronous generator’s responses to the
applied transient disturbance on bus 799 and 741 are illustrated in Figures 5.20 and 5.22
respectively. They show that the system remains stable and returns to pre-fault status. The

DFIG responses are illustrated in Figures 5.21 and 5.23 respectively.
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Figure 5.20: CDG responses in 37 bus system to a fault on bus 799 (DFIG case) - (a)
load angle, (b) rotor speed, (c) active power, (d) reactive power.
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Figure 5.23: DFIG responses in 37 bus system to a fault on bus 741 (DFIG case) - (a)
active power, (b) reactive power, (c) rotor speed, (d) DC link voltage.

D- 35 % Wind based on Synchronous Generator with Fully Rated Converters
A 1.5 MW wind synchronous generator with fully rated converters is installed on bus 741

with a 1.5 MW load. This system is also investigated when the system experiences faults
and simulation results are illustrated in Figures 5.24 and 5.25 for when a three phase fault
is applied on bus 799 and bus 741 respectively. The simulation results show that the
system 1is transiently stable and returns to pre-fault conditions. As shown in Figure 5.24
(f), the POWERFACTORY simulation converges to a stable condition with regard to

reactive power flows.
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799 (FRC wind case) - (a) CDG load angle, (b) CDG rotor speed, (c) CDG active
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Figure 5.25: CDG and wind based on FRC responses in 37 bus system to a fault on bus
741 (FRC wind case) - (a) CDG load angle, (b) CDG rotor speed, (c) CDG active
power, (d) CDG reactive power, (e) wind FRC active power, (f) wind FRC reactive

power.

181



E- 35 % Mixed Renewables Penetration
In this case, ] MW wind based on the DFIG is installed with a 1 MW load at bus 741, and

0.5 MW PV is also installed at bus 737 with a load 0.5 MW. Figures 5.26 and 5.28 show
the CDG responses to the transient stability when a three phase fault is applied on bus 799
and bus 741 respectively. The renewables units’ dynamic behaviours are also illustrated
in Figures 5.27 and 5.29 respectively. These simulation results show that the system is

transiently stable when the distribution system has high renewable energy penetration.
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Figure 5.26: CDG responses in 37 bus system to a fault on bus 799 (mixed renewables
case) - (a) load angle, (b) rotor speed, (c) active power, (d) reactive power.
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Figure 5.27: Renewable units’ responses in 37 bus system to a fault on bus 799 (mixed
renewables case) - (a) DFIG active power, (b) DFIG reactive power, (c) DFIG rotor
speed, (d) DFIG DC link voltage, (e) PV active power, (f) PV reactive power.
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Figure 5.28: CDG responses in 37 bus system to a fault on bus 741 (mixed renewables
case) - (a) load angle, (b) rotor speed, (c) active power, (d) reactive power.
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Figure 5.29: Renewable units’ responses in 37 bus system to a fault on bus 741 (mixed
renewables case) - (a) DFIG active power, (b) DFIG reactive power, (c) DFIG rotor
speed, (d) DFIG DC link voltage, (e) PV active power, (f) PV reactive power.

The transient stability analysis of the IEEE 37 bus using the Transient Stability Index

(TSI) method is shown in Table 5.6. As can be seen, the DG units based on renewable

resources decrease the transient stability of the system when the system experiences a

three phase fault at different locations. To improve system transient stability the renewable

units should provide reactive power during the transient fault [40]. However, this chapter

investigates the impact of DG based on renewable sources on the distribution system

transient stability without dynamic reactive power support or reactive power support

devices.

Table 5.6: Transient stability analysis of the IEEE 37 bus system using TSI in %,
stable>0, unstable<0.

TSI Base PV Wind DFIG Wind FRC Mixed
case case case case renewables case
Fault on 82.27 74.33 77.34 78.0 78.21
bus 799
Fault on 73.1 73.08 73.0 80.0 73.05

bus 741

184



5.7.3 IEEE 123 Bus Distribution System
The IEEE Power Engineering Society has published another system for distribution

system analysis called the IEEE 123 Node Test Feeder [195]. A schematic diagram of this
system is given in Figure 4.34 of Chapter 4. Detailed data regarding this system are given
in Appendix B.3. Bus 150 is the bus which connects the grid with the test network. IEEE
123 bus distribution system data are summarised in Table 4.11. A distributed generator
based on fossil fuel (CDG) is assumed to be connected at bus number 96. Detailed data
regarding this CDG are given in Appendix C. The grid is assumed to be an infinite bus.
Power flow data of the 123 bus distribution system are given in Appendix B.3, where the
grid bus is assumed to be the slack. DG based on renewable energy are connected to the
farthest node from the grid, which is bus number 85. The same test procedure as the IEEE
13 bus and IEEE 37 bus systems discussed earlier is used here to investigate transient
stability.
A- Base Case

Figures 5.30 and 5.31 show the CDG responses to the applied fault on bus 150 and bus 85
respectively. As illustrated in these figures, the system remains stable after the applied

fault is cleared and returns to pre-fault conditions.
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Figure 5.30: CDG responses in 123 bus system to a fault on bus 150 (base case) - (a)
load angle, (b) rotor speed, (c) active power, (d) reactive power.
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Figure 5.31: CDG responses in 123 bus system to a fault on bus 85 (base case) - (a)
load angle, (b) rotor speed, (c) active power, (d) reactive power.

B- 35 % PV Penetration
A 2 MW grid connected PV system, which represents 35 % of total generation in the

system, is installed at bus 85 with a2 MW added load. The system’s transient performance
is shown in Figures 5.32 and 5.33 when the system is subjected to a three phase fault on
bus 150 and 85 respectively. The simulation results show that the system is stable and

returns to pre-fault conditions.
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Figure 5.32: CDG and PV responses in the 123 bus system to a fault on bus 150 (PV
case) - (a) CDG load angle, (b) CDG rotor speed, (c) CDG active power, (d) CDG
reactive power, (e) PV active power, (f) PV reactive power.
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Figure 5.33: CDG and PV responses in the 123 bus system to a fault on bus 85 (PV
case) - (a) CDG load angle, (b) CDG rotor speed, (c) CDG active power, (d) CDG
reactive power, (e) PV active power, (f) PV reactive power.

C- 35 % Wind based on DFIG Penetration
A wind generator based on DFIG technology is installed at bus 85 with 2 MW output

power and a 2 MW load is also added to the same bus. A three phase fault is applied on
bus 150 and bus 85 to investigate the system’s transient stability. The CDG responses to
these disturbances are shown in Figures 5.34 and 5.36 respectively. Figures 5.35 and 5.37
illustrate the dynamic performance of the DG unit based on the DFIG when the system
experiences these faults. From the simulation results it is clear that the system remains

stable even after adding the renewable energy source based on the DFIG.
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Figure 5.34: CDG responses in the 123 bus system to a fault on bus 150 (DFIG case) -
(a) load angle, (b) rotor speed, (c) active power, (d) reactive power.
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Figure 5.35: DFIG responses in 123 bus system to a fault on bus 150 (DFIG case) - (a)
active power, (b) reactive power, (c) rotor speed, (d) DC link voltage.
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Figure 5.36: CDG responses in the 123 bus system to a fault on bus 85 (DFIG case) -
(a) load angle, (b) rotor speed, (c) active power, (d) reactive power.
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Figure 5.37: DFIG responses in the 123 bus system to a fault on bus 85 (DFIG case)
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D- 35 % Wind base on Synchronous Generator with Fully Rated Converters
In this case, a 2 MW wind generator with fully rated converters is installed at bus 85 with

a2 MW added load. The transient stability of this system is considered when a three phase
fault is applied on bus 150 and bus 85 to ensure that the system remains stable. Figures
5.38 and 5.39 show the CDG transient behaviours for the proposed faults on bus 150 and
bus 85 respectively. The simulations results show that the system remains stable and

returns to pre-fault conditions.
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Figure 5.38: CDG and wind based on FRC responses in the 123 bus system to a fault on
bus 150 (FRC wind case) - (a) CDG load angle, (b) CDG rotor speed, (c) CDG active
power, (d) CDG reactive power, (e) wind FRC active power, (f) wind FRC reactive
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Figure 5.39: CDG and wind based on FRC responses in the 123 bus system to a fault on
bus 85 (FRC wind case) - (a) CDG load angle, (b) CDG rotor speed, (c) CDG active
power, (d) CDG reactive power, (e) wind FRC active power, (f) wind FRC reactive

power.

E- 35 % Mixed Renewables Penetration
In this case, 1.5 MW DFIG based wind energy is installed at bus 85 with a 1.5 MW load
and 0.5 MW grid connected PV is installed with a 0.5 MW load at bus 114. The CDG
responses to a three phase fault applied on bus 150 and bus 85 are shown in Figures 5.40
and 5.42 respectively. Figures 5.41 and 5.43 illustrate the renewable units’ performance
during these faults respectively. The system remains stable and returns to pre-fault

conditions.
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Figure 5.40: CDG responses in the 123 bus system to a fault on bus 150 (mixed
renewables case) - (a) load angle, (b) rotor speed, (c) active power, (d) reactive power.

(a) DFIG Active Power
T T T

g
g 1
o
0.5 1
0 = DIgSILENT PowerFactory ||
——— MATLAB SIMULINK
0.5 I L I I I I
0 1 2 3 4 5 6 7 8 9 10

Time (s)
(c) DFIG Rotor Speed

-

s

i3
T
L

o
T
L

Rotor Speed (p.u.)
o

1.2

115+ == DIgSILENT PowerFactory
———MATLAB SIMULINK

11 i i I i I I I I

0 1 2 3 4 5 6 7 8 9 10

Time (s)
(e) PV Active Power
15 T T T T T T
1k ]

g
=05
o

0 1
= DIgSILENT PowerFactory
= MATLAB SIMULINK

05 I I ! I I I

0 1 2 3 4 § 6 7 8 9 10

Time (s)

Q (MVAr)

Q (MVAr)

-0.5

-

=

&

(b) DFIG Reactive Power
T T

= DIgSILENT PowerFactory
——— MATLAB SIMULINK

4 5 6 7 8 9 10
Time (s)
(d) DC Link Voltage

Time (s)
(f) PV Reactive Power

051

= DIgSILENT PowerFactory
——MATLAB SIMULINK

q § 6 7 8 9 10
Time (s)

Figure 5.41: Renewable units’ responses in the 123 bus system to a fault on bus 150
(mixed renewables case) - (a) DFIG active power, (b) DFIG reactive power, (c) DFIG
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Figure 5.43: Renewable units’ responses in the 123 bus system to a fault on bus 85
(mixed renewables case) - (a) DFIG active power, (b) DFIG reactive power, (c) DFIG
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The Transient Stability Index (TSI) method can be used to assess the transient stability of
the IEEE 123 bus, as illustrated in Table 5.7. The table shows that the increased
penetration of renewable resources reduces the transient stability of the system when the

system is subjected to a three phase fault at different locations.

Table 5.7: Transient stability analysis of the IEEE 123 bus system using TSI in %,
stable>0), unstable<0.

TSI Base PV Wind DFIG Wind FRC Mixed
case case case case renewables case
Fault on 80.45 77.34 79.55 82.27 78.22
bus 150
Fault on 82.74 81.82 81.82 83.67 81.36
bus 85

5.8 Conclusions

Due to the dramatic increase in distributed generation based on renewable sources, the
issue of distribution system stability is significant. It has been shown in this chapter that
the higher the penetration of renewable energy the lower the stability of the system will
be. The transient stability of distribution networks has been assessed using the Transient
Stability Index method. Simulation results show that system transient stability is reduced
when the system has high renewable energy penetration. It has also been discussed how
different fault locations in a system affect the transient stability. Three generic IEEE
distribution systems with high renewable source penetration have been examined when
these systems are subjected to a three phase fault. The simulation results illustrate that the
systems remain stable and return to pre-fault conditions. This chapter has investigated
various distribution systems with high renewable energy penetration (35 % of the total
power generation in the system) in terms of the systems’ transient stability. The
renewables include different technologies, namely wind turbines based on the DFIG, a
wind based synchronous generator with fully rated converters, and a photovoltaic system
based on solar energy. To improve the impact of renewable units on system transient

stability, FRT capability and reactive power dynamic support during a fault are required.
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CHAPTER 6 Frequency Response of Distributed

Generation based on Renewable Energy
6.1 Introduction

Demand for electricity is growing at a significant rate, more than ever before. This rise in
demand has led to the emergence of many distributed generation units in power systems
under new restructuring and deregulation regimes. For this reason, DGs based on
renewable energy are increasing and set to rise even faster in the future [212, 213]. This
is not the only reason for the considerable rate of renewable energy penetration in power
systems, as tackling climate change, reducing operating costs and reducing the
dependency on fossil fuels to be prepared for fuel shortages in the future are several other
advantages of using renewable energy resources. Several countries around the world have
set renewable portfolio targets; 20 % of total power generation from renewable resources
by the year 2020 in the UK, 22 % of installed capacity from DGs by the year 2020 in the
US, and Japan has planned to generate around 60 % of its electricity from renewable

resources by 2050 [214-216].

The new electricity market structure and smart grids have significantly increased the
penetration of distributed generation based on renewable resources in distribution
systems. In several cases, the contribution towards dynamic system operation from DGs
rather than conventional generation plants has become more feasible because the
opportunity costs of DGs are much less due to their small generation capacity. Also, DGs
are usually located close to the load centre. This leads to a significant reduction in energy
consumption costs due to the long transmission distances of conventional power units.
However, DG units could change the dynamics and nature of distribution systems and
bring about undesirable system operation, such as bi—directional power flows. They may
also increase system fault current levels. As a result, DG units based on renewable
resources are normally equipped with power electronic interfaces to decouple their
dynamics from the main system and avoid any undesirable system operation. A more

reliable power operation may need small scale wind power owners to replace fixed speed
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induction generators with variable speed wind generators such as the Doubly Fed
Induction Generator (DFIG) or synchronous generator with fully rated converters, as they
have the ability to contribute towards ac voltage control. They can also contribute towards
ac network frequency and damping support by modifying their control systems. Solar
energy based on photovoltaic technology can also be controlled in the same manner as

wind generators.

The frequency of a power system is continuously varying and to enhance the power
system’s security, the frequency should remain within acceptable limits, as defined by the
power system operators. A sudden loss of generation or load demand could lead to a
frequency deviation from the nominal value (50 Hz in this thesis) because the system
frequency is directly proportional to the balance between load and generation. High
renewable energy penetration in power systems can affect frequency stability and this
issue has become a significant concern for Transmission System Operators (TSOs). It is
an issue in power dynamic operations, as some renewable energy sources have different
characteristics from conventional synchronous generators in several respects. For
instance, some renewable sources are connected to the grid via power electronic
converters and this leads to decoupling of the inertia of their generators from power system
inertia, such as in variable speed wind turbines based on the DFIG or synchronous
generator with fully rated converters. In addition, some other renewable resources, such
as solar based on photovoltaics, do not contribute towards system inertia as there is no

machine in the construction to contribute towards power system inertia.

Traditionally, grid connected renewable systems operate to provide the maximum
available power and they have not been required to participate in power system operation.
Therefore, this chapter investigates the frequency response of different renewable
resources in different distribution systems when these systems are subjected to a frequency
disturbance such as a sudden increase or decrease in load demand. In literature, a
transmission system is usually selected to study frequency response as small generating
units have a small impact on power system frequency. However, enhancing system

security in distribution systems could contribute towards increasing system security of a
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transmission system and many renewable units are usually connected close to the load
demand in distribution systems. Therefore, this chapter takes distribution systems into

consideration and studies frequency response.
6.2 Frequency Control Background

The electrical frequency fin (Hz) of a power system is the same across the entire area and
all generator rotors rotate at the same angular speed o in (rad/sec), times a factor that is a

function of their number of poles p, as illustrated in equation 6.1 [200, 217].

_P @
7 =3"%n (6.1)
_ ATly
p (6.2)
60
n=——aw
211 (6.3)
Then,
120/
p (6.4)

The prime mover which can be driven by various energy sources (including steam, gas or
wind) drives the rotor, produces mechanical power (Pm) and creates a mechanical torque
(Tm). In contrast, the generator delivers electrical power (P¢) and creates an opposite
torque called an electrical torque (T.¢). Neglecting losses, the rotor speed will not change
if equation 6.5 is satisfied.

T, =T, (6.5)
However, if T > T. then the rotor will accelerate, and if T, < T then the rotor will
decelerate.

These relationships, including losses, can be modelled mathematically with the so-called

swing equation, as shown in equation 6.6.

2
¢S _p _p_p

Jo—; - g
dt (6.6)

Where, J is the total moment of inertia of the rotor masses in (kg.m?), d*> 8/dt> represents

the rotor acceleration in (rad/sec?) and P is the power losses in the process in (W).
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Equation 6.1 to 6.6 show that the system frequency depends on the speed and the speed
depends on the active power. To conclude, the active power withdrawn or injected into
the power system inherently affects the system frequency. If P. increases, the speed will
decrease and therefore the Py, should be increased to maintain the same speed, and vice
versa [218].

Loss of generation or load can cause a sudden and undesirable change in system
frequency. Uncertainties in demand forecasting or an inability of generators to cope with
load variations may increase the possibility of imbalance between load demand and
generation. Any mismatch between load and generation causes frequency deviations and
if large enough, it may lead to system collapse. Under the new restructured environment,
several questions arise about which generator or equipment should provide balancing
services.

An effective frequency response is defined as an automatic corrective frequency response
procedure provided towards balancing generation and load demand. After a disturbance,
it is the responsibility of generator governors to arrest the system frequency change. There
is a significant relationship between the rate of change of frequency and system inertia

constant (H), as illustrated in equation (6.7).
= (6.7)
Where, df/dt is rate of change of frequency (Hz/sec), AP = (PL-PG)/PG power change in
(p.u.), PL is load power in (W), PG is generation power in (W), H is system inertia
constant in (sec) and f, is frequency at disturbance time in (Hz).

This chapter will investigate primary frequency response and will find out how
distribution systems respond after adding DG units based on renewable resources, as well
as whether they can improve frequency response or not. The primary frequency response
is the instantaneous proportional increase or decrease in the generation units’ active power

output in response to a deviation in system frequency within 10 to 15 seconds.

6.3 Grid Code Requirements for Frequency Response

As discussed earlier, frequency stability is an important concern in power systems, as a

considerable fall in frequency can lead to an increase in magnetising currents which may
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damage power transformers and induction motors, such as water pumps [200]. Power
system operators have to ensure that system frequency is kept within limits and as close
to the nominal frequency value as possible. Various international grid codes worldwide
have imposed frequency requirements that generating units in power systems should
provide. Generally, all large generating units should have the technical capability to
participate in system frequency control. At the moment, thermal power plants with high
inertia constants are the most reliable units to provide primary and secondary frequency
responses during frequency disturbances. Grid code requirements for frequency response
have been introduced over the years in various European countries, such as Germany and

the United Kingdom.

In Germany, it is required that every generator should have the capability to decrease its
output power to allow constant active power control of 1 % of its rated power per minute.
In addition, it is required that all generating units with > 100 MW rating power should
provide a primary frequency response. It is also not allowed to disconnect any generator
from the grid when the system frequency is changing between 47.5 and 51.5 Hz [28, 219].
Outside this range, disconnection of these generating units without delay may be required.
Germany’s new grid codes have imposed new frequency requirements for wind turbines
and they are required to reduce turbine output power when system frequency is above 50.2
Hz, as shown in Figure 6.1 [63]. As illustrated in Figure 6.1, all renewable generating
units have to decrease their output power when the system frequency is greater than 50.2
Hz and the output power should be decreased with a gradient of 40 %/Hz of the
instantaneously available power. When the frequency is below 50.05 Hz, the output
powers of these generating units are allowed to increase again. These requirements can be
applied to grid connected distributed generation based on wind and solar energy, as will

be discussed in the simulation results section.
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Figure 6.1: Germany'’s grid code requirements for renewable generators [63].

The National Grid in the United Kingdom, which is the power system operator, has a
license obligation to control system frequency within certain boundaries + 1 % of nominal
frequency (50 Hz), as specified in the Electricity Supply Regulations. The National Grid
operates the system shown in Figure 6.2 [220]. As can be seen, under normal operation
conditions, the system frequency is between 50.2 and 49.8 Hz (called operational limits)
which means the maximum frequency deviation is within 0.4 % of nominal frequency.
The statutory steady state limits of = 0.5 Hz represents the maximum frequency deviation
after a normal infeed loss. After infrequent infeed loss, + 0.8 Hz is the maximum deviation
in frequency. Generating units can start tripping when the system frequency exceeds 52
Hz, while for under frequency conditions load starts shedding when the frequency is below
48.8 Hz. The National Grid also requires that any frequency deviation outside the limits
of + 1 % of nominal frequency must not exceed 60 seconds in duration. These grid code
requirements are for all transmission connected generation types; however, all distributed
generation types connected to distribution systems with a capacity less than 50 MW in
England and Wales, and 30 MW in Scottish Power Transmission respectively, will be

required to meet the relevant Distribution Code and Engineering Recommendation G75
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and G59/1 respectively. These recommendations, G75 and G59/1 respectively,

recommend a low frequency threshold of 47 Hz [221].

System Frequency Limits in the UK
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Figure 6.2: UK operational and statutory limits of power system frequency.

In the UK, frequency response can be classified as a dynamic response and a non-dynamic

frequency response. A dynamic response is continuous frequency control second by

second, while non-dynamic frequency response is a service at a defined frequency

deviation, as shown in Figure 6.3 [222].
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Figure 6.3: Frequency response in the UK’s power system.
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6.4 Wind Generation Impact on System Frequency

Due to the rapid increase in wind energy penetration in power systems, different technical,
economic and regulatory concerns have arisen involving the interaction between large
wind turbines and power systems. Unlike conventional power plants based on
synchronous generators, wind power systems have different dynamic and operation
characteristics. Nowadays, several countries around the world have set technical
requirements called grid codes for wind farms which include the participation of wind
systems in frequency control [223]. These grid codes are typically for large wind farms
connected to transmission systems, rather than smaller generating units connected to

distribution systems.

In recent years, system operator requirements for wind turbines have become one of the
major drivers in developing wind power technology. They have led wind power from
being a simple technology to an advanced control technology. Frequency control
requirements are one of the most challenging issues for wind system owners, as they
require that wind turbines should regulate power output to a defined level, which is called
active power curtailment. It is also required that wind turbines participate in the frequency
response of systems and control their output power according to the frequency deviation.
Several European countries, such as Germany, the United Kingdom and Ireland, have set
frequency control requirements for wind farms. In the UK, it is required that wind farms
should have a frequency control device to provide primary and secondary frequency

responses [223].

Typically, wind turbines based on fixed speed induction generators provide a better
frequency response to power systems because their rotors are directly connected to the
grid and this means their inertia contributes towards overall power system inertia. Unlike
fixed speed induction generators, variable speed wind turbines’ inertia is decoupled by
power electronic converters from the power system inertia. Therefore, wind turbines based
on variable wind speed should be controlled in such a way to participate in frequency
response. Modern wind turbines are based on variable speed and they have been developed

considerably, as discussed in Chapter 3. Thus, variable speed wind turbines based on the
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DFIG and synchronous generator with fully rated converters (FRC) are considered in this
thesis. The inertia response of variable speed wind turbines such as the DFIG could be
provided by manipulating the set-torque of the controller and the inertia control gain.
Wind power based on the DFIG was discussed in terms of primary and secondary
frequency response in [53, 224]. DFIG based wind energy has also been controlled in [55,
56, 225] to provide an active contribution towards frequency response. DFIG controllers
for inertia response were proposed in [56, 225], and in [55] a drop frequency control was
added to inertia response controllers. In literature, pitch angle control has been used to
enhance the frequency response of the DFIG, as shown in [54]. However, these models
were based on constant wind speed and wind turbines connected to large power systems.
In this chapter, the frequency response of wind power based on the DFIG is investigated
for smaller power systems, i.e. distribution systems where the penetration of wind is
significant. Different frequency responses for the DFIG are discussed to meet new grid
code requirements, including active power reduction, inertia response and a proposed
frequency control model to enhance the frequency response of the Doubly Fed Induction

Generator based on wind energy.

In wind turbines based on a synchronous generator with fully rated converters, the rotor
is not connected to the grid so the inertia response is minimal. In contrast, the power
electronic converters of the FRC synchronous generator based on wind can be controlled
in such a way as to provide frequency response. The frequency control in a FRC wind
generator has not been considered much in literature and there are few papers discussing
this issue. Several research papers have investigated the frequency response of FRC wind
systems, such as [58]. In [58], a control scheme for a synchronous generator based on
wind energy has been developed to improve frequency control performance. In [57], the
coordinated frequency control for the DFIG, which was applied in [226], has been used
for a wind turbine based on a synchronous generator with full-scale converters. It has been
shown in [226], that the proposed control scheme for the frequency response in FRC wind
generators can be used for different wind speed conditions, such as low wind. In this

chapter, active power curtailment for over-frequency conditions according to Germany’s
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grid codes is used to give a frequency response to wind turbines based on a synchronous

generator with fully rated converters.

6.5 Photovoltaic Generation Impact on System Frequency

Solar energy based on photovoltaics has become one of the major contributors towards
power system generation from a renewable source in recent years. This technology has
been developed considerably and the growth of installed PV grid connected systems raises
technical and economic challenges that need to be solved to enhance the penetration level
of PV in the near future. Due to the rapid increase of installed PV systems in power
systems, power mismatches introduced by solar energy are no longer negligible. In the
past, small scale PV grid connected systems were not obliged to provide frequency
responses to power systems. They were disconnected from the grid during network
disturbances. However, with the increase in penetration of PV grid connected systems,

their impact on overall system control will be significant.

Several grid code requirements worldwide request frequency control from large scale
renewable energy systems to contribute towards system frequency stability. In Germany,
it is required that each renewable energy source reduces its output power to a defined level
in over-frequency scenarios. This is usually called de-loading of the generating units. In
order to provide frequency control, PV grid connected systems should be able to control
their output power with system frequency changes. Photovoltaics is fully interfaced by
power electronic converters which can be controlled to provide frequency response
controllability. In literature, there are three different approaches to provide frequency
responses from PV grid connected systems: keep PV systems in the MPPT mode and
install an energy storage system, as illustrated in [59, 60], install a dump load to absorb
surplus energy and the PV active power curtailment approach [61]. The power curtailment
approach is more cost effective than the other two approaches for providing frequency
control via a PV system, as shown in [62]. In this chapter, the power curtailment approach
1s used for PV grid connected systems to provide a frequency response to different generic
distribution systems. The active power reduction approach is based on the new German

grid code requirements which have been discussed in detail in section 6.3.
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6.6 Modelling and Control of Renewable Energy Systems for

Frequency Response

The rapid increase in renewable energy penetration into power systems has led to the
defining of new grid code requirements for generating units based on renewables. In order
to meet these new grid code requirements, generating units based on renewables should
be controlled in a particular way. One of these requirements is frequency control, which
has been discussed earlier. The modelling and control of distributed generation based on
wind and solar energy are discussed in this section in relation to complying with frequency
control grid code requirements. Wind turbines based on the DFIG, wind turbines based on
a synchronous generator with fully rated converters, and a solar generating unit based on
photovoltaics are investigated in terms of the frequency response to various generic
distribution systems. Two types of software have been used to model the test systems and
the renewable generating units, namely MATLAB/SIMULINK and the commercial
package DIgSILENT POWERFACTORY.

6.6.1 DFIG Modelling and Control

Wind turbines based on the DFIG have been rapidly developed and their use in power
systems has increased due to their high efficiency. The DFIG consists of a wound rotor
induction generator with slip-rings to transfer current between rotor windings and the rotor
side converter (RSC), while the stator windings are connected to the ac grid. The RSC is
connected to the grid side converter (GSC) through a DC link. The GSC is connected to
the ac grid through a transformer, as was shown in Chapter 3. When the DFIG is operating
above synchronous speed, the generator rotor can provide power to the grid, which
represents around 30 % of total power generation from the DFIG unit and 70% from the
stator. However, the generator rotor will consume power from the grid when the rotor
operates below the synchronous speed. The RSC and the GSC are capable of allowing
active and reactive powers to be transferred in both directions, which is called four
quadrant operation. The Power electronic converters can be controlled by vector control
which decouples the active and reactive power control and allows fast regulation action,

typically within milliseconds. The active and reactive power delivered to the ac network
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is controlled by the RSC, while DC link voltage can be regulated by the GSC. Cascaded
loops are used in the controller structure, as discussed in Chapter 3, as fast inner current
controller loops which control currents to the reference values specified by external power
control loops.

This chapter discusses frequency control provision by the DFIG based on wind energy
controlled by three different techniques. The traditional inertia response from the DFIG
discussed earlier in literature, active power reduction, and a proposed frequency control
technique aimed at improving the frequency response of the DFIG. The inertia response
control is defined by adding another torque term to the generator torque; the extra torque

is defined in equation 6.8 and illustrated in Figure 6.4.

Tinertia = Ki Z—f (6.8)

Where K; is the gain and df/dt is the change in frequency. Controlled detailed of this
method is explained in literature and it will not be implemented in this chapter. The active
power reduction technique is required from renewable units in distribution systems
according to Germany’s grid codes explained earlier in section 6.3. Active power
reduction is used in this chapter to provide frequency responses from distributed
generation based on wind and solar energy according to the German grid code
requirements discussed in section 6.3. Figure 6.5 shows the frequency controlled by the
active power reduction method. Active power can be reduced to zero and this method is

effective for over-frequency conditions. Table 6.1 shows active power reduction

requirements from DFIG based wind for the frequency response applied in this chapter.
Tincrtia
L K; N
+

Tgcncrator

Figure 6.4: Inertia response control from DFIG.
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Figure 6.5: Active power reduction technique for frequency response control from
renewable generating units.

Table 6.1: DFIG active power reduction parameters.

Starting active power reduction 50.2 Hz
Ending active power reduction 50.02 Hz
Gradient active power reduction 50 %/Hz
Minimal active power 0
Negative gradient for power change -0.1
Positive gradient for power change 0.1

A proposed frequency control is used to provide a frequency response from DFIG based
wind and ensure that the frequency is within obligated limits which, for instance, is + 1%
of the nominal frequency for the UK’s power system. The proposed technique is aimed at
controlling the system frequency of different generic distribution systems by giving
second by second responses from the DFIG. In the proposed control technique, the RSC

controls the electromagnetic torque of the machine, as explained in the following. The
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DFIG equations in the d-q reference frame have been discussed in Chapter 3, equations
3.9 to 3.12. The relationship between the rotor speed w: and the rotational speed of the

synchronous reference frame s is given in equation 6.9.

2

wg = (—) W, (6.9)

p

Where p is the number of machine poles. Then, from equations 3.9 to 3.12, the delivered

electromagnetic torque of the DFIG Tem is given in equation 6.10.

Tem = (3) (5) Ugs Aas = las Aqs) (6.10)

Where I4s and Ags are the stator current and flux in the d-axis respectively, while I¢s and
Ags are the current and flux in the g-axis respectively. The relationship between the
electromagnetic torque of the DFIG and the rotational speed is given in equation 6.11,

which also shows the relationship between the torque and the machine inertia.

dwg

J 25 = Tyeen = Tem (6.11)

Where J is the moment of inertia of the machine, Tmecn 1S the mechanical torque which is
the input to the generator and Tem 1s the electromagnetic torque which is the output of the
generator. By rewriting equation 6.10 in rotor reference using equations 3.9 to 3.22, the

electromagnetic torque can be given by equation 6.12.

3 L
Tem = (E) (g) e ar Ags — Igr Aas) (6.12)
Where L and Ls are the magnetising mutual inductance and the self-inductance

respectively. In order to control the electromagnetic torque Tem, it is desirable to assume

Adas = 0, so the electromagnetic torque can be calculated from equation 6.13.
3 Lim
Tom = (E) (g) L_s Lgy Aqs (6.13)

The proposed technique to control frequency in the DFIG is shown in Figure 6.6. The gain

parameters K and K, are assumed to be 30 and 1 respectively for all simulation scenarios.
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Figure 6.6: Proposed frequency control in DFIG.

6.6.2 Wind Turbine based on Synchronous Generator with Fully Rated Converters
In recent years, wind turbines based on synchronous generator with full-scale converters

technology have been developed. The configuration of this technology is shown in
Chapter 3. There are two back-to-back power electronic converters in this technology and
each converter can control different parameters, as explained in Chapter 3. The frequency
response from a wind based FRC generator is provided by the active power reduction
method explained in Figure 6.5, based on Germany’s grid code requirements. Table 6.2
shows the FRC active power reduction requirements to provide the frequency response in
various distribution test systems.

Table 6.2: FRC active power reduction parameters.

Starting active power reduction 50.2 Hz
Ending active power reduction 50.05 Hz
Gradient active power reduction 40 %/Hz
Minimal active power 0
Negative gradient for power change -0.25
Positive gradient for power change 0.25

6.6.3 Solar Energy based on Photovoltaics
Photovoltaic technology converts solar energy into electricity and there are various

different topologies, as discussed in Chapter 2. Frequency control from PV grid connected

210



systems will be discussed in this chapter based on de-loading PV units, which reduces
their active power, to control system frequency for various generic distribution systems.
This method is shown in Figure 6.5. PV active power reduction can be given in the same
manner as FRC shown in Table 6.3, based on the new grid code requirements of Germany
explained earlier.

Table 6.3: PV active power reduction parameters.

Starting active power reduction 50.2 Hz

Ending active power reduction 50.05 Hz

Gradient active power reduction 40 %/Hz
Minimal active power 0

6.7 Simulation Scenarios

This chapter investigates various generic distribution networks with high renewable
energy penetration subject to over-frequency and under-frequency conditions. The
frequency response of these systems will be discussed according to Germany’s new grid
code requirements discussed in section 6.3. The frequency should be within certain
specified limits (£ 1 %), as discussed earlier in this chapter. The German grid code for
frequency response will be considered, as Germany has released new requirements for
distributed generation connected to the grid. Three different distributed generation types
based on renewable energy are considered, namely a wind turbine based on the DFIG, a
wind turbine based on a synchronous generator with fully rated converters, and a solar
energy source based on photovoltaics. The frequency response is investigated when the
distribution systems experience a frequency disturbance, a sudden increase in load for
under-frequency conditions and a sudden loss of load for over-frequency conditions.
Three modified generic distribution networks are considered in this chapter, namely the
IEEE 13 bus, IEEE 37 bus and IEEE 123 bus test systems. For each distribution network
there are three different cases to control the frequency, as has been investigated earlier:
inertia response, active power reduction and the proposed technique. To validate the

frequency response of the selected distribution networks, simulations are performed using
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two different types of software, MATLAB/SIMULINK and DIgSILENT
POWERFACTORY.

6.7.1 IEEE 13 Bus Distribution System
The IEEE Power Engineering Society has published a number of test systems for

distribution system analysis, one of which is called the IEEE 13 Node Test Feeder [195].
A schematic diagram of this system is shown in Figure 4.8. Detailed data regarding this
system are given in Appendix B.1. The system is connected to the ac grid through a two
winding ac transformer. Bus 650 is the bus which interconnects the grid with the test
network. A summary of the IEEE 13 bus distribution network is shown in Chapter 4, Table
4.1. A CDG is assumed to be connected at bus number 611, which is one of the farthest
nodes from the grid. Detailed data regarding this CDG are shown in Appendix C. The grid
is assumed to be a synchronous generator based on fossil fuels and has the same
parameters as the CDG. It is assumed to be the slack generator in the system. The DG
based on renewable resources is connected to the farthest node from the grid, which is bus

number 680.

The main objective of this chapter is to investigate the frequency control requirements of
DGs based on renewable energy and the frequency response of distribution systems with
high renewable energy penetration. Therefore, an under-frequency disturbance and an
over-frequency disturbance are applied to investigate the frequency response of the test
systems.
A- Traditional Frequency Response

In 13 bus distribution systems, under-frequency conditions are represented as a sudden
increase in load at bus 680 (adding a 2 MW load) from 3 seconds to 3.5 seconds, while
for over-frequency conditions a removal of loads equal to 2 MW which means
disconnecting of load at buses 671 and 675 from the systems for 500 milliseconds between
3 seconds to 3.5 seconds. The frequency responses of the system without renewables for
under-frequency and over-frequency conditions are shown in Figures 6.7 and 6.8
respectively. They show that the frequency exceeds the limits which are defined earlier

between 50.5 Hz and 49.5 Hz.
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Figure 6.7: IEEE 13 bus system without renewable energy frequency response for
under-frequency condition.
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Figure 6.8: IEEE 13 bus system without renewable energy frequency response for over-
frequency condition.

Adding a wind turbine based on the DFIG to bus 680 as a renewable source and adding
an additional load with the same capacity on the same bus to ensure accuracy in the results
are performed for the same reasons as mentioned in Chapters 4 and 5. DFIG control and
parameters are given in Appendix D. The frequency response of the IEEE 13 bus system
with renewable energy penetration for the defined under-frequency disturbance is
illustrated in Figure 6.9. It shows that the increase in penetration of renewable energy
based on the DFIG leads to a better frequency response and means the higher the

renewable energy penetration the better the frequency response is. Figure 6.10 shows the
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DFIG behaviour during and after the under-frequency condition. The frequency response

of this test system with renewable energy penetration for the defined over-frequency

condition is shown in Figure 6.11. In the same manner as the under-frequency case, the

higher the renewable penetration the better the frequency response. The DFIG

performance during and after the defined frequency disturbance is illustrated in Figure

6.12.
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Figure 6.9: IEEE 13 bus system with renewable energy frequency response for under-

frequency condition with different wind power penetration.
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Figure 6.10: DFIG based wind energy performance during and after under-frequency
condition with different wind power penetration - (a) active power, (b) reactive power,

(c) DC link voltage, (d) rotor speed.
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Figure 6.11: IEEE 13 bus system with renewable energy frequency response for over-
frequency condition with different wind power penetration.
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Figure 6.12: DFIG based wind energy performance during and after over-frequency
condition with different wind power penetration - (a) active power, (b) reactive power,
(c) DC link voltage, (d) rotor speed.

B- Active power reduction
In this method various distributed generations based on renewable energy will be

considered. Renewable generating units are connected at bus 680 with a power output of
3.6 MW, representing 50 % of the total power generation in the IEEE 13 bus distribution
systems. This percentage represents a high renewable energy penetration and it has been
selected based on available data of the renewable generating units. There are five
simulation cases, namely a base case without renewable energy, 50 % DFIG based wind
penetration, 50 % wind FRC penetration, 50 % PV penetration, and 50 % mixed renewable
energy sources, which represents 1.5 MW DFIG, 1.1 MW PV and 1 MW FRC. The active
power reduction technique discussed earlier will be used to observe the frequency
response when the distribution systems experience a frequency disturbance. An under-

frequency condition is assumed in this case by increasing all load demands in the test
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system by 100 % from 3 seconds to 3.5 seconds, while a sudden decrease in demand by
100 % represents the over-frequency condition. The frequency responses of the IEEE 13
bus system for different renewable energy scenarios are shown in Figure 6.13 for the
under-frequency condition and in Figure 6.14 for the over-frequency condition. These
figures show that the frequency response of the system with renewable energy penetration
is better; however, it varies from one technology to another according to the defined active

power gradient limiters shown in section 6.6.
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Figure 6.13: The frequency response of the IEEE 13 bus system with high renewable
energy penetration using the active power reduction method for the under-frequency
condition.
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Figure 6.14: The frequency response of the IEEE 13 bus system with high renewable
energy penetration using the active power reduction method for the over-frequency
condition.

C- A proposed new frequency control technique
As shown earlier, the proposed technique will be applied on a wind turbine based on the

DFIG. In this section the simulation results obtained in section A will be compared to the
frequency response controlled by the new frequency control applied to the DFIG unit. The
penetration percentage will be fixed in this section. The frequency response of the test
system at certain penetrations in section A will be compared to the same penetration level
of the DFIG in this section. The penetration level which has been selected for the
renewable energy based on the DFIG is 27 %. The same frequency disturbances as in
section A are used here to investigate the frequency response of the test systems with the
proposed frequency control for the DFIG. The frequency responses for the IEEE 13 bus
system with 27 % penetration of wind based on the DFIG for under-frequency and over-
frequency conditions are shown in Figures 6.15 and 6.16 respectively. They show that the
proposed frequency control of the DFIG is effective and improves the frequency of the
system considerably. They also show that the system frequency returns to acceptable

limits in a short period of time.
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Figure 6.15: The proposed frequency response of the IEEE 13 bus system with high
DFIG penetration for the under-frequency condition.
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Figure 6.16: The proposed frequency response of the IEEE 13 bus system with high
DFIG penetration for the over-frequency condition.
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6.7.2 IEEE 37 Bus Distribution System
The IEEE 37 Node Test Feeder is another system published by the IEEE Power

Engineering Society for distribution system analysis [195]. A schematic diagram of this
system is shown in Chapter 4, Figure 4.23. Detailed data regarding this system are given
in Appendix B.2. The system is connected to the ac grid through a two winding ac
transformer. Bus 799 is the bus which interconnects the grid with the test network. This
bus has been selected because it is directly connected to the grid through a transformer,
which is named the substation. A summary of the data for the IEEE 37 bus distribution
system is given in Table 4.6. A CDG is assumed to be connected at bus number 740, which
is one of the farthest nodes from the grid. Detailed data regarding this CDG are shown in
Appendix C. The grid is assumed to be a synchronous generator based on fossil fuels with
the same parameters as the CDG. However, it is assumed to be a slack generator. The DG
based on renewable resources is connected to the farthest node from the grid, which is bus
number 741. The same test procedure used in section 6.7.1 for the IEEE 13 bus system is
used in this section for the IEEE 37 bus network. Therefore, the system frequency
responses will be investigated when the system experiences different frequency
disturbances, namely under- and over-frequency disturbances.
A- Traditional Frequency Response

A sudden increase in load at bus 711 (adding a 1.034 MW load) from 3 seconds to 3.5
seconds and a sudden removal of loads equal to 1.034 MW, which means disconnection
of load at buses 729, 730, 731, 732, 733, 734, 735,736, 737, 738, 740, 741, 742, and 744
from the systems for 500 milliseconds from 3 seconds to 3.5 seconds are the under-
frequency and over-frequency conditions used to study the frequency responses of the
IEEE 37 bus distribution system. The frequency responses of the 37 bus system without
renewable energy penetration for under-frequency and over-frequency conditions are
illustrated in Figures 6.17 and 6.18 respectively. They show that the system frequency
exceeds the limits, which have been defined earlier as between 50.5 Hz and 49.5 Hz during

and after the frequency disturbance.
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Similar to the approach used in the IEEE 13 bus system, after adding a wind source based
on the DFIG to the IEEE 37 bus system at bus 741, the frequency response will be changed
from the case of no renewable penetration in the system. A new load is added at the same
bus equal to the installed DFIG output power to ensure accuracy in the simulation results
for the reason as mentioned in Chapters 4 and 5. The frequency response of the IEEE 37
bus system with wind energy penetration for the defined under-frequency disturbance is
shown in Figure 6.19. It shows that the increase in penetration of wind energy provides
an improved frequency response. Figure 6.19 also shows the DFIG behaviour during and
after the under-frequency condition. The frequency response of the test system with the
DFIG based wind penetration for the defined over-frequency condition is shown in Figure
6.20. It also shows that the frequency response of the IEEE 37 bus system is improved
after increasing the penetration of the wind energy based on the DFIG during and after the
over-frequency condition. The DFIG performance during and after the defined over-

frequency disturbance is also illustrated in Figure 6.20.
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Figure 6.19: IEEE 37 bus system with renewable energy frequency response for under-
frequency condition with different wind power penetration - (a) system frequency, (b)
DFIG rotor speed, (c) DFIG active power, (d) DFIG reactive power.
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Figure 6.20: IEEE 37 bus system with renewable energy frequency response for over-
frequency condition with different wind power penetration - (a) system frequency, (b)
DFIG rotor speed, (c) DFIG active power, (d) DFIG reactive power.

B- Active power reduction
The same test procedure used for the IEEE 13 bus system in section 6.7.1 for the active

power reduction scenario is implemented in this section to study the frequency response
of the IEEE 37 bus distribution system. An under-frequency condition is assumed in this
case to be an increase in load demand in the test system by 100 % from 3 seconds to 3.5
seconds, while a sudden decrease in demand by 100 % represents the over-frequency
condition. The frequency responses of the IEEE 37 bus system for various renewable
energy scenarios are shown in Figure 6.21 for the under-frequency condition and in Figure
6.22 for the over-frequency condition. It is shown in these figures that the frequency
response of the IEEE 37 bus distribution system with renewable energy sources is better;
however, it is different from one technology to another according to the defined active

power gradient limiters shown in section 6.6.
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Figure 6.21: The frequency response of the IEEE 37 bus system with high renewable
energy penetration using the active power reduction method for the under-frequency

condition.
5 (a) System Frequency
I I |
——Base Case
52l ——DFIG 50% i
FRC 50%
—PV 50%
—— Mixed 50%
W -
<
.
&5
£
E
7
=
9 49|
48— -
47 | | | | | | | \
0 2 4 6 8 10 12 14 16 18 20

Time (s)

Figure 6.22: The frequency response of the IEEE 37 bus system with high renewable
energy penetration using the active power reduction method for the over-frequency
condition.
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C- A proposed new frequency control technique
As shown in the IEEE 13 bus system, the proposed technique will be applied on a wind

turbine based on the DFIG. In this section, the simulation results for the frequency
response of the IEEE 37 bus system obtained in section A will be compared with the
frequency response obtained after applying the new frequency control of the DFIG unit.
The penetration level which has been selected for the wind energy based on the DFIG is
37 % in both cases with a traditional frequency response and with the proposed frequency
control technique. The same frequency disturbances as in section A are applied here to
study the frequency response of the 37 test system with the proposed frequency control
for the DFIG. The frequency responses of the IEEE 37 bus distribution system with 37 %
wind energy penetration for under-frequency and over-frequency conditions are illustrated
in Figures 6.23 and 6.24 respectively. From these figures it is clear that the proposed
frequency control for the DFIG based wind energy is effective and enhances the frequency
of the system considerably. The system frequency also returns to acceptable limits in a

short period of time.
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Figure 6.23: The proposed frequency response of the IEEE 37 bus system with high
DFIG penetration for the under-frequency condition.
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Figure 6.24: The proposed frequency response of the IEEE 37 bus system with high
DFIG penetration for the over-frequency condition.

6.7.3 IEEE 123 Bus Distribution System
The IEEE 123 Node Test Feeder is a test system published by the IEEE Power Engineering

Society for distribution system analysis [195]. A schematic diagram of this system is
shown in Chapter 4, Figure 4.34. Detailed data regarding this system are given in
Appendix B.3. The system is connected to the ac grid through a two winding ac
transformer. Bus 150 is the bus which interconnects the grid with the test network. A
summary of data regarding the IEEE 123 bus distribution system is given in Table 4.11.
A CDG is assumed to be connected at bus number 96, which is one of the farthest nodes
from the grid. Detailed data regarding this CDG are illustrated in Appendix C. The grid is
assumed to be a synchronous generator based on fossil fuel, with the same parameters as
the CDG. However, it is assumed to be a slack generator. The distributed generation based
on renewable resources is connected to one of the farthest nodes from the grid, namely
bus 114. The same test procedure used in section 6.7.1 for the IEEE 13 bus system and in
section 6.7.2 for the IEEE 37 bus system is used in this section for the IEEE 123 bus
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distribution system. The system frequency response will be studied when the system is
subjected to different frequency disturbances, under- and over-frequency disturbances.
A- Traditional Frequency Response

A sudden increase in load at bus 108 (adding a 1.99 MW load) from 3 seconds to 3.5
seconds and a sudden removal of load equal to 1.99 MW, which means disconnection of
load at buses 1, 4, 6,9, 11, 16, 19, 20, 22, 24, 28, 29, 30, 33, 34, 35, 37, 43, 50, 52, 53,
62, 63,69, 71,47, 48, 49, 64, 65, 66, and 76 from the systems for 500 milliseconds from
3 seconds to 3.5 seconds are the under-frequency and over-frequency conditions used to
study the frequency responses of the IEEE 123 bus network. The frequency responses of
the 123 bus system without wind energy penetration for under-frequency and over-
frequency conditions are shown in Figures 6.25 and 6.26 respectively. They show that the
system frequency exceeds the acceptable limits, which are defined by the grid codes,

between 50.5 Hz and 49.5 Hz during and after the frequency disturbance.
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Figure 6.25: IEEE 123 bus system without renewable energy frequency response for
under-frequency condition.
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Figure 6.26: IEEE 123 bus system without renewable energy frequency response for
over-frequency condition.

After adding a wind energy source based on the DFIG to the IEEE 123 bus system at bus
114, the frequency response will be changed from having no wind penetration in the
distribution system. A new load is added at the same bus equal to the installed wind source
output power to ensure accuracy in the simulation results for the reason mentioned in
Chapters 4 and 5. The frequency response of the IEEE 123 bus distribution system with
different wind penetration for the defined under-frequency disturbance is shown in Figure
6.27. 1t shows that the increase in penetration of renewable energy based on the DFIG
improves the frequency response. Figure 6.27 also shows the DFIG performance during
and after the under-frequency condition. The frequency response of this distribution
system with DFIG penetration for the defined over-frequency condition is shown in Figure
6.28. It also shows that the frequency response of the IEEE 123 bus distribution system is
enhanced after increasing the penetration of wind based on the DFIG during and after the
over-frequency condition. The DFIG behaviour during and after the defined over-

frequency disturbance is also illustrated in Figure 6.28.
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Figure 6.27: IEEE 123 bus system with renewable energy frequency response for under-
frequency condition with different wind power penetration - (a) system frequency, (b)
DFIG rotor speed, (c) DFIG active power, (d) DFIG reactive power.
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Figure 6.28: IEEE 123 bus system with renewable energy frequency response for over-
frequency condition with different wind power penetration - (a) system frequency, (b)
DFIG rotor speed, (c) DFIG active power, (d) DFIG reactive power.
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B- Active power reduction
The same test procedure used for both the IEEE 13 bus and IEEE 37 bus distribution

systems for the active power reduction case is used in this section to study the frequency
response of the IEEE 123 bus network. An under-frequency condition is assumed in this
case to be an increase in load demand in the test system by 100 % from 3 seconds to 3.5
seconds, while a sudden decrease in demand by 100 % represents the over-frequency
condition. The frequency responses of the IEEE 123 bus system for various renewable
energy cases are shown in Figure 6.29 for the under-frequency condition and in Figure
6.30 for the over-frequency condition. It can be seen in these figures that the frequency
response of the IEEE 123 bus system with high renewable energy penetration is improved.
However, the behaviour is different from one technology to another based on the defined

active power gradient limiters shown in section 6.6.
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Figure 6.29: The frequency response of the IEEE 123 bus system with high renewable
energy penetration using the active power reduction method for the under-frequency
condition.
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Figure 6.30: The frequency response of the IEEE 123 bus system with high renewable
energy penetration using the active power reduction method for the over-frequency
condition.

C- A proposed new frequency control technique
As with the previous test systems, the IEEE 13 bus and the IEEE 37 bus, the proposed

technique will be applied on a wind turbine based on the DFIG. In this section, the
simulation results for the system frequency response of the IEEE 123 bus system obtained
in section A will be compared with the system frequency response obtained after applying
the new controller for the DFIG unit frequency. The penetration level which has been used
for the DFIG based wind is 29 % for both cases with a traditional frequency response and
with the proposed frequency control method. The same frequency disturbances as in
section A are applied in this section to investigate the frequency response of the 123
distribution system with the proposed frequency method for the DFIG. The frequency
responses of the IEEE 123 bus network with 29 % penetration of the DFIG based on wind
for under-frequency and over-frequency conditions are shown in Figures 6.31 and 6.32
respectively. From these figures it is clear that the proposed frequency method for the
wind turbine based on the DFIG is effective and improves the frequency of the test system
considerably. The system frequency also returns to its given limits in a short period of

time.
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Figure 6.31: The proposed frequency response of the IEEE 123 bus system with high

DFIG penetration for the under-frequency condition.
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Figure 6.32: The proposed frequency response of the IEEE 123 bus system with high
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6.8 Conclusions

The rapid increase in renewable energy penetration in power systems has led to various
technical, economic and regulatory concerns. Due to the dramatic growth in renewable
energy sources in power systems, several countries have released grid code requirements
for renewable energy sources. A frequency response requirement is one such grid codes
which has been introduced in recent years. This chapter has discussed the frequency
response of different renewable energy sources based on wind and solar energy. It has
been shown how different frequency controls have been proposed in literature, including
inertia response, active power curtailment and the frequency droop control technique. All
these control methods have been implemented on large power systems. However, due to
the dramatic increase in the penetration of distributed generation based on wind and solar
energy in distribution systems, it is significant to investigate the frequency response of
such systems. This chapter has studied the frequency responses of various generic
distribution systems with high renewable energy penetration. Active power reduction and
traditional inertia control techniques have been discussed in relation to these systems for
various renewable energy technologies, namely a wind turbine based on the DFIG, a wind
turbine based on a synchronous generator with fully rated converters, and solar energy
based on photovoltaics. A proposed frequency control technique for DFIG based wind
energy has been discussed in relation to various distribution systems. The simulation
results show that the proposed frequency control improves the system frequency response

when the test systems experience under- and over-frequency conditions.
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CHAPTER 7 Effect of Renewable Generation in

Distribution Networks on Grid Power Factor
7.1 Introduction

The development of renewable energy technologies has been significant in tackling the
rapid increase in greenhouse gas emissions, such as carbon dioxide (CO2). To reduce
carbon footprints and help solve climate change problems, various solutions should be
considered, such as promoting renewable energy resources in power systems. In the last
few years, there has been substantial growth in the development and utilization of
renewable energy sources such as wind power, solar energy based on photovoltaics (PV),
fuel cells, biomass and geothermal energy. Among these renewable resources, wind and
solar technologies have attracted the attention of researchers and investors due to their
great potential and features. They are potentially abundant sources of energy and they are

sustainable, clean (pollution free) and environmentally friendly.

Notwithstanding, increasing the penetration of renewable units in distribution systems has
led to voltage variations due to an increase in active power generation. Nowadays, wind
and solar units are commonly connected to distribution systems at unity power factors,
which means the injection of real power can affect voltages around the point of common
coupling (PCC). Therefore, DGs based on renewable energy can be used to mitigate
overvoltages, which means absorbing or injecting reactive power to regulate voltages
within acceptable limits. Voltage support equipment, such as capacitor banks and static
var compensators (SVC), can also be used; however, the renewables’ intermittent nature
can cause frequent tap changes which may increase the stress on such equipment and

require extra maintenance costs.

High penetration levels of renewable units in distribution systems also brings about
several challenges for distribution network operators (DNOs). Frequent changes in solar
irradiance and wind speed may cause disturbances to the grid, such as voltage sags and

swells. These issues cannot be solved by slow responding equipment such as capacitor
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banks, which may result in power quality problems. Fast responding equipment such as
D-STATCOM is considered an alternative solution; however, it is expensive for owners
of small wind and solar units. Renewable generating units with a VAR injection and
consumption capability can provide the required reactive power to maintain voltage
regulation within acceptable limits of £5% [227]. Providing voltage control and reactive
power supported by local distributed generators such as wind and solar can minimize
thermal losses and optimize the operation and management of distribution networks, as
well as reduce the cost of installing reactive power compensation equipment in local grids,
by utilizing the available reactive power of renewable generating units. This chapter
investigates the reactive power support of various renewable resources in different
distribution systems and studies the impact of high renewable energy penetration on the

grid system power factor.

7.2 Reactive Power Background

Reactive power is essential to maintain the voltage profile within acceptable operation
limits, adequate reactive power availability is necessary. Power system equipment as well
as customer electric devices are designed to operate at a certain voltage rating and any
considerable changes in voltages across power systems can damage such equipment.

Traditionally, several reactive power compensation techniques have been used in power
system operation and control to compensate reactive power and thus enhance the power
security and quality of the system. These technologies include conventional synchronous
generators, capacitor banks and static var compensators (SVCs). In this section, a brief
review is given of the latest technologies for reactive power compensation, such as D-
STATCOM. Also, end user reactive power compensation will be discussed in the

following subsections.

7.2.1 Conventional Synchronous Generators
Large synchronous generators have been typically used as a reactive power supporter to

stabilize transmission systems by injecting reactive power into systems. These generators
control their terminal voltages within acceptable boundaries via their excitation systems,

which may include dc or ac exciters. The main components of a synchronous generator
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are shown in the block diagram in Figure 7.1. In addition, synchronous generators may
inject or absorb reactive power depending on their excitation systems; under-excitation
represents the absorption condition and over-excitation represents the injection condition.
They are usually equipped with Automatic Voltage Regulators (AVRs) to control the
excitation systems continuously, as their ability to provide or absorb reactive power
continually is limited by armature and field currents, as well as other heating restrictions

[200].

These synchronous generators are located far away from load centres and distribution
systems and this limits the impact of these conventional synchronous generators on
reactive power support and voltage control in distribution networks. As a result, additional
reactive power supporters are essential to ensure power security and quality in urban and

rural areas of distribution networks.

To the
Regulator Exciter Power
| System

Im II

Figure 7.1: Synchronous generator block diagram.

7.2.2 Capacitor Banks
Capacitor banks basically involve several large capacitors which may be connected to or

disconnected from a distribution system by switches. They are installed and controlled by
local system operators. The operators install theses banks in specific locations to provide
the required amount of reactive power to the local system. Several research studies have
been conducted recently to study and investigate the optimal location and size of capacitor
banks [228-230]. The use of capacitor banks can improve power quality by meeting the

+5% of voltage variation standard and reducing thermal losses in distribution feeders.
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However, there are several disadvantages to using capacitor banks, such as the fact that
they can produce higher order harmonics and that frequent switching (ON/OFF) of the

individual capacitors leads to adverse switching transients which may damage equipment.

The response of capacitor banks is also slow compared to other smarter network devices
and cannot accommodate a sudden change in the output of local distributed generation
based on renewable resources. Therefore, more flexible, fast and reliable control systems
should be applied to these capacitor banks in order to achieve reactive power requirements
in local distribution networks which may involve high penetration of distributed
generation based on renewable energy.

7.2.3 Static Var Compensator (SVC)

The SVC can be a combined system that consists of a Thyristor Switched Capacitor (TSC)
or a Thyristor Controlled Reactor (TCR) or a combination of both, as illustrated in Figure
7.2. It 1s the most commonly used thyristor controlled reactive power compensator and
can contain capacitor banks. Unlike a synchronous generator, the SVC is a passive device
and its operation depends on the change in its admittances. SVC reactive power output
limits can be obtained from its maximum and minimum admittances. Hence, the SVC can
provide or absorb reactive power and this can be controlled by the thyristor’s firing angles.
There are a number of disadvantages in using the SVC as a reactive power compensator.
Using TSC as a VAR compensation device gives variable reactive power compensation
(not continuous) and each of its capacitor banks needs a separate thyristor switch. Also,
each thyristor should be protected against fault currents and line voltage transients by
protection devices and this increases the overall unit cost. Using TCR configuration as a
reactive power compensation device can also produce lower order harmonics and can
cause higher losses in cases where this device is used in absorbing VAR [231]. Using a
combined system of TSC and TCR solves the previous drawbacks, although this is
expensive [232].
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Figure 7.2: SVC configurations.

7.2.4 STATCOM (D-STATCOM)
The Static Synchronous Compensator (STATCOM) is a contemporary reactive power

compensation device which is based on a solid—state voltage source converter, as shown
in Figure 7.3. It is structured from power electronic elements in the same manner as basic
elements of a SVC; however, its response and behaviour are similar to the synchronous
generator. It is a fully controlled VAR compensation device and it operates as a
controllable voltage source to control terminal voltages and maintain them within
acceptable limits. The STATCOM is also a shunt controller which can produce or absorb

reactive power, and it can be used at transmission or distribution levels [233].

Using the STATCOM in distribution systems has been investigated and implemented
recently, such as in offshore wind farms connected through an HVDC system to regulate
terminal voltages and improve power factor [234, 235]. Using the STATCOM at
distribution levels or close to load centres has been called Distribution STATCOM or D-
STATCOM. The basic components of D-STATCOM are a DC voltage source
implemented inverter using IGBT and connected in parallel to the distribution bus through
a coupling reactor [236-239]. Using D-STATCOM is a reliable way to provide/absorb
reactive power and it has a fast response; however, it is not economical to use it in

distribution networks and micro-grids due to its considerably high cost.
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7.2.5 End User or Distributed Generation Owner
Distributed generation (DG) based on inverter technologies such as wind and solar

represents end user reactive power compensation in distribution systems. This kind of
compensation is not yet extensively deployed. There are several reasons for encouraging
the deployment of this technology and for it being extraordinarily promising. Providing
reactive power compensation from DGs based on wind and solar energy is flexible, i.e.,
the rapid increase in using distributed generation based on renewables in residential areas
results in increasing the opportunity to enable a large number of individual inverter based
compensators to participate in reactive power support, along with other local
compensators. Reducing the risk of using capacitor banks which need a reliable
coordination control between themselves and any new renewable generators is another
reason to upgrade to inverter based technology. Sections 7.4 and 7.5 review recent works

in this area.

7.3 Grid Code Requirements for Reactive Power Support

The evolution of mixed power generation technologies has changed the nature and
dynamics of power systems due to the intermittent nature of some renewable units, such
as wind and solar units. Renewable generating units have been operated to maximize
output power in the past without considering the possibility of using the available reactive
power to improve system performance. It is a matter of conflict between revenue return
and system security, since a renewable unit’s owner usually prefers to sell the maximum

available output power regardless of the potential to improve system performance.
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Therefore, several transmission and distribution system operators (TSO and DSO) have
introduced specific requirements in their grid codes for renewable energy grid connected
units to control reactive power and contribute to voltage regulation, such as in the
Germany regulations [219]. In the United Kingdom, wind turbines are required to have
technical capability to regulate reactive power at their connection terminals to control the
voltage at the point of common coupling (PCC). Reactive power requirements from wind

farms have been defined in Chapter 3, Figure 3.37.

The increase in renewable systems without reactive power controllability in distribution
networks has also had a negative impact on the power factor (p.f.) of utility grids, as
illustrated in Figures 7.4 and 7.5. Figure 7.5 shows a grid working on a 0.9 p.f. to supply
a load where there is 10 % renewable energy penetration, as illustrated in equation 7.1.
The grid power factor will be affected if the renewable unit works at the unity power factor
(without reactive power controllability). It is shown in Figures 7.4 and 7.5 that the power
factor at the utility grid without renewable energy penetration is 0.9 and with 10 %
renewable penetration the power factor at the utility deteriorates to become 0.878.
Therefore, the renewable energy unit should contribute towards correcting the power
factor and avoiding any negative impact on the utility. The example that has been shown
in Figures 7.4 and 7.5 raises an important question: what is the reactive power value that

the renewable unit should provide to correct the power factor at the utility grid?

The conventional power factor correction method that has been used in literature to
estimate the value of a capacitor to correct the power factor can be used here. By using
equations 7.2, 7.3 and 7.4 we can calculate the reactive power (Qqda) that the renewable
unit should provide to the system, which is 48.44 VAr in this example. This means the
renewable energy units should operate at a 0.87 lagging power factor. For the case of

leading power factor it can be estimated in the same manner.

Renewable Unit Total Power

%Renewable Energy Penetration = System Total Power x 100% (7.1)
Q = P Xtan(9Q) (7.2)
® = cos(p.f.) (7.3)
Qaaa = Qota = Cnew (7.4)
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Where Q is the reactive power in VAr, P is the active power in watts and @ is the phase
shift angle between the terminal voltage and current. Q. is the grid supplied reactive
power at 0.878 p.f. and Q. is the total reactive power needed to maintain a 0.9 lagging
power factor. Finally, Qaqq is the additional reactive power required to correct the power

factor at the utility grid in this case (Qrenewabic)-
Figure 7.4: Utility grid supplies a load with 0.9 p.f. lagging.

Figure 7.5: Utility grid and renewable unit supply a load with 0.9 p.f. lagging.

Renewable
Unit
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7.4 Wind Generation Impact on Grid System Power Factor

In power systems, voltage control is directly related to the regulation of reactive power,
and due to the rapid increase of wind energy penetration in power systems, new grid code
requirements have been set demanding reactive power provision from wind farms as much
as with conventional power plants. Reactive power requirements can be defined by the
power system operator requiring a set-point value for the voltage or power factor or
reactive power at the wind farm’s connection terminals. In recent years, wind turbines
based on the Doubly Fed Induction Generator (DFIG) have been installed extensively in
power systems. The reactive power capability of wind parks based on the DFIG was
discussed in [64]. The fast response of the control of DFIG power electronic converters
enhances the voltage control and reactive power regulation, as illustrated in [240]. There
are two reactive power regulations that have been discussed in literature for the DFIG
known as voltage control mode and power factor mode [241]. The dynamic limits of the
reactive power capability of wind turbines based on the DFIG was investigated in [66].
The paper also discussed the reactive power regulation of wind energy based on the DFIG
to support the grid and improve local voltage stability. In [65], the steady-state reactive
power loading capability of wind turbines based on the DFIG was investigated by

considering an active-reactive power capability curve.

Modern wind turbines based on a synchronous generator with fully rated converters have
increased in power systems. In the same manner as the DFIG, FRC based wind energy
can also provide reactive power to a system by controlling the power electronic converters
[205]. There are few papers that have investigated the reactive power capability of wind
based synchronous generators with fully rated converters in literature. However, in [67],
reactive power provision technical and economic limitations from an FRC wind unit were
discussed. The majority of research papers have studied the reactive power capability of
large-scale wind turbines in large power systems. In contrast, this chapter investigates the
impact of high wind energy penetration based on the DFIG and a synchronous generator
with fully rated converters on the grid power factor and the possibility of providing

reactive power in various generic distribution systems.
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7.5 Photovoltaic Generation Impact on Grid System Power Factor

The impact of photovoltaic generation on distribution networks has been the target of
several research studies [47, 50, 242-245]. In [242], an actual PV case study was
investigated with historical data for solar irradiance and temperature to provide a reference
of PV generation selling price in such an area. The required incentives were discussed to
promote the new PV installation in this particular area. The impact of photovoltaic
generation on possible power loss and voltage variation of the distribution feeder was also
highlighted. The effects of increased PV penetration on a power system’s stability were
analysed in [50, 243] and the impact of PV power generation with high penetration on
voltage regulation and line losses was studied in [245]. UK data were used in [47] to
investigate the effects of widespread photovoltaic power generation on real distribution
systems and the simulation results proved that even with high PV penetration, voltage
rises were small and did not cause problems. Due to the intermittent nature of PV output,
[244] investigated the dynamic performance of PV units under dramatic change in solar
irradiance and different voltage control techniques were suggested to reduce the

associated impact.

Recently, several manufacturers have released PV inverters with reactive power control
into the market, such as SUNNY MINI CENTRAL 9000TL/10000TL/11000TL with
reactive power control by the SMA Company, and the Solaron 500 250 and 500 kW PV
inverter by ADVANCED ENERGY. Notwithstanding, these PV opportunities should not
increase the burden on PV units by either limiting PV real power generation or boundless

dispatch of reactive power.

To increase system security and reliability in micro-grids and rural systems, extra
investment is required for reactive power compensation. As a result, it is necessary to find
useful technical and economical solutions to provide/absorb reactive power in these
distribution networks. Capacitor banks are a useful option; however, the DSO needs a
complicated procedure to coordinate and control their operations individually. The total
system cost will also be increased as new hardware is required, in this case multiple

capacitor banks in different locations. Other traditional reactive power compensators are
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more expensive than capacitor banks. The DSO needs to investigate the best technical and

economical option to provide/absorb reactive power in these micro-grids.

Photovoltaic units and other types of distributed generation are competitive options for
reactive power compensation, as they have a fast response when compared to traditional
methods. PV penetration is increasing rapid in distributed networks so there is no extra
cost in using PV units as a reactive power supporter. There is promising potential to use
photovoltaic inverters as reactive power supporters for local utility grids. Therefore, PV
inverters with reactive power control capability have become essential in recent years in
power systems with high PV penetration [68, 69]. This chapter discusses the impact of
high solar energy penetration based on photovoltaics on the grid power factor and the

capability to provide reactive power in different generic distribution systems.

7.6 Modelling and Control of Renewable Energy Systems for Reactive

Power Support

This section investigates the modelling and control of distributed generation based on
wind and solar energy. Three different technologies are considered to provide reactive
power support to the grid, namely a wind turbine based on the DFIG, a wind turbine based
on a synchronous generator with fully rated converters, and a solar unit based on
photovoltaics. These have been modelled in MATLAB/SIMULINK to study their impact

on the grid power factor when they provide reactive power or do not.

7.6.1 DFIG Modelling and Control
Wind turbines based on the DFIG have reactive power capability, as discussed in

literature. The DFIG has two power electronic converters in its structure and these
converters are connected back-to-back through a DC link. They are known as the rotor
side converter (RSC) and the grid side converter (GSC). The RSC is responsible for
controlling the stator side active and reactive power independently. The GSC controls the
DC link voltage within limits and it can also regulate the reactive power exchanged with

the grid, called reactive power support [246]. The GSC vector control scheme of the DFIG
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implemented in this chapter and more detailed information about DFIG based wind energy

control were discussed in Chapter 3.

7.6.2 Wind Turbine based on Synchronous Generator with Fully Rated Converters
There are several topologies for an FRC synchronous generator based on wind energy.

However, this thesis will consider the RSC as a diode rectifier and the GSC as a voltage

source inverter, as shown in Chapter 4.

7.6.3 Solar Energy based on Photovoltaics
The problem with solar based on photovoltaic systems is that there are so many topologies

in the market it is difficult to find standard modules for implementation, unlike with wind
energy for example. This thesis uses two main topologies for the PV system: a three phase
two stage trasformerless grid connected PV system and a proposed PV model. The three
phase two stage grid connected PV system was discussed in detail in Chapter 2. A block
diagram of the simplified PV model is shown in Chapter 4. The PV panel and the DC-DC
boost converter are neglected and they are represented by the DC voltage source for
simplicity to perform simulations and get results for different distribution networks. The
DC voltage source is interfaced with the grid through a voltage source inverter (VSI). The
PV active and reactive powers can be regulated by modifying the control of the PV
inverter. The PV inverter can be controlled in the same manner as the control of power
electronic converters in wind systems, which depends on the d-q synchronous reference

frame.

7.6.4 Proposed Technique for PV Reactive Power Controllability
Many photovoltaic inverters have been investigated with active power generation only.

With high PV penetration in distribution networks, it is essential to consider the possibility
of a photovoltaic system to contribute towards reactive power compensation and power
factor correction of the utility system. The standard VDE-AR-N 4105 was introduced in
Germany in August 2011 due to the rapid increase in PV generation and a stricter
requirement for newly installed PV inverters to operate at 0.9 leading to 0.9 lagging power
factor. This chapter investigates three different power factor settings to fulfil future PV
operations in smart grids, as illustrated in the P-Q capability curve in Figure 7.6. These

settings include unity power factor (traditional inverter operation), 0.9 p.f. which
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represents the German grid code requirement, and 0.8 p.f. which represents current
inverter technology by SMA, an international inverters manufacturer. There are also three

main scenarios to test the proposed PV system, as follows:

1) Sunny day conditions
2) Cloudy weather
3) Night operation

Qc

Hiu\m‘lﬂ max

QL

Figure 7.6: PV inverter P-Q capability curve.

A three phase two stages grid connected PV system with reactive power capability is
proposed. A control block diagram of the PV inverter was shown in Chapter 4, Figure 4.6.
The control systems for the three phase inverter are in a d-q synchronous reference frame.
The d-axis loop is utilized for the dc link voltage control and the g-axis is utilized for the
voltage support or reactive power control. It should be noted that the control structures
have theoretical basis or justification.

Conventional control approaches in PV systems assumes there is no reactive power
control by setting (iq*) equal to zero. In recent PV control approaches, ac bus voltage is
compared to a reference voltage value, e.g. 1 p.u., to control the PV reactive power.

However, in this chapter the reactive power controller is basically designed depending on
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the calculation of the reference current (iq*), as illustrated in equations 7.5 and 7.6. Other
controller terms are calculated using equations 7.7 — 7.10. Classical cascaded control loops
with internal current loops are used in this chapter. The design and modelling of the

current loops and dc link voltage control have been studied in literature [247].

iy = — igd (7.5)
Q* = Sy, x sin(cos™p.f.) (7.6)
ug = ky, (i — ig) + k; [5G — ig)dt (7.7)
ug = ky (i — i) + ki [@5— ig)dt (7.8)
eq = Ug + vqg — wliy (7.9)
eq = Uz + vy + wliy (7.10)

Where Q" is the reference reactive power that the PV should provide and p.f.* is the
reference power factor that the system operator demands the PV owner to operate at. Sy,

is the inverter maximum apparent power, as illustrated in Figure 7.6.

7.7 Simulation Scenarios

This chapter investigates the impact of a three phase two stage transformerless PV grid
connected system with various power factor settings on the grid power factor. The PV
system is directly connected to an infinite bus voltage source representing the utility grid.
Simulation results are obtained using MATLAB/SIMULINK. In addition, the impact of
high renewable energy penetration on the grid power factor of various generic distribution
systems is discussed. Three different distributed generations based on renewable energy
are considered, namely a wind turbine based on the DFIG, a wind turbine based on a
synchronous generator with fully rated converters, and a solar energy source based on a
proposed photovoltaic system, as discussed in section 7.6.3. The impact of these
distributed generation units on the grid power factor is investigated when the DG units
operate under various power factor settings, unity, 0.9 lagging and 0.8 lagging. Three

modified generic distribution networks are considered in this chapter, namely the IEEE
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13 bus, IEEE 37 bus and IEEE 123 bus test systems. To validate the impact of DGs based
on renewable energy on the grid power factor of the selected distribution networks,
simulations are performed using MATLAB/SIMULINK.

7.7.1 Proposed Technique for PV Reactive Power Controllability

The tested PV system consists of ten parallel arrays with a total rated power of 800 VA;
the design circuit parameters and design specification are listed in Table 7.1. Three main
cases are considered in the proposed PV system at different power factor settings and

simulations are performed using MATLAB.

Table 7.1: Design circuit parameters and design specification

PV array rated power 800 W
PV modules SHELL Ultra-80-P
Smoothing capacitor, C 4 mF
Boost inductor, L 0.3 mH
DC output voltage, Vac 350 V
Switching frequency, fs 4000 Hz

A- Sunny day conditions
During a sunny day the solar irradiance is set at the typical radiation under STC, which is
1000W/m2. The PV system will produce the maximum available power at 1000 W/m2
solar irradiance and the system can track the maximum power point (MPP) by using the
hill climbing method discussed in Chapter 3. As demonstrated in Figure 7.7 (a), the PV
system generates around 800 W and no reactive power output. When the inverter works
at unity power factor there is no phase shift between the grid voltage and current. There is
a 25.80" phase shift between the voltage and the current when the PV inverter operates at
0.9 p.f. lag and the PV inverter can also provide around 380 VAr (reactive power) while
the active power output drops to about 760 W, as shown in Figure 7.7 (b). The voltage
leads the current by 36.90" of phase shift to provide about 480 VAr reactive power when
the PV system operates at 0.8 power factor lagging (see Figure 7.7 (¢)). Note the voltage
curve is divided by a factor of 20 to observe the phase shift between the grid voltage and

current.
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during sunny day conditions under different power factor settings - (a) unity p.f., (b) 0.9

p.f- lag, (c) 0.8 p.f- lag.

B- Cloudy weather

Cloudy weather operation is an important consideration when designing and testing a PV

system. This chapter considers a worst case scenario for solar irradiance of <500 W/m?2.

The solar radiation (G) is set at 400W/m2 and the maximum available power will be

around 280W, as shown in Figure 7.8. For unity power factor operation there is no reactive

power provision; however, the PV inverter can provide around 140VAr and 200V Ar for

0.9 p.f. lagging and 0.8 p.f. lagging operation respectively (see Figure 7.8 (b) and (c)).
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Figure 7.8: PV output power in (W & VAr) and grid voltage in (V) and current in (4)
during cloudy weather under different power factor settings - (a) unity p.f-, (b) 0.9 p.f.

lag, (c) 0.8 p.f- lag.
C- Night operation
Traditionally, a PV system is used for a grid system during daytime by generating real
power and increasing the generation mix to increase security and supply load demands. A
PV system is a passive device conventionally as it cannot contribute to power system
operation and it cannot give solutions to the system operator. It can generate active power
when there is sufficient solar irradiance and it should be disconnected when there is a
disturbance in the network. Various studies have been carried out to make PV systems

active and contribute towards operation by providing different services such as reactive
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power, especially during night operation. A PV inverter like the one proposed in this
chapter can convert a PV system into being an active device, and it can support the utility
grid with reactive power and improve the utility power factor. As a result, the proposed
PV inverter can also provide reactive power during the night or when there is insufficient
solar irradiance. As illustrated in Figure 7.9, the PV inverter can support the utility grid
by around 130VAr.
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Figure 7.9: PV output power in (W & VAr), grid voltage in (V) and current in (A) for
night operation.

7.7.2 IEEE 13 Bus Distribution System
The IEEE 13 bus system is a test system used for distribution system analysis published

by the IEEE Power Engineering Society [195]. A schematic diagram of this system is
illustrated in Chapter 4, Figure 4.8. Detailed data regarding this system are given in
Appendix B.1. The system is connected to the ac grid through a two winding ac
transformer. Bus 650 is the bus which interconnects the grid with the test network. Table
4.1 in Chapter 4 summarises the IEEE 13 bus distribution network data. The grid is
assumed to be an infinite bus. The distributed generation based on renewable sources are

connected to the farthest node from the grid, which is bus number 680.

The main objective of this chapter is to investigate the impact of different renewable
energy sources on the grid power factor. These renewable sources are the DFIG based on
wind energy, an FRC synchronous generator based on wind energy, and a solar energy
unit based on the proposed simplified PV system mentioned in section 7.6.3. The grid

power factor without adding renewable sources is 0.81 lag, as shown in Figure 7.10.
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Figure 7.10: IEEE 13 bus system without renewables - (a) grid power factor, (b) grid
voltage and current.
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A- With PV Penetration
A DG based on photovoltaics is installed at bus 680 with 1 MW output power, which
is 28 % of the total generation in the system. Detailed data regarding the PV system
are shown in Appendix D. Table 7.2 shows the contribution of each source of energy
to the total power generation in the system and the locations. The impact of the
installed PV system on the grid power factor is illustrated in Figures 7.11, 7.12 and
7.13 for various power factor settings, unity, 0.9 lag and 0.8 lag respectively. Figure
7.14 shows a comparison between various PV power factor settings on the grid power
factor. It shows that the grid power factor is improved when the PV provides reactive

power and operates at non unity power factors.

Table 7.2: IEEE 13 bus system, power generation source outputs and their locations

(PV case).
Grid PV
Total Generation 2.62 MW 1 MW
Location Bus 650 Bus 680
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Figure 7.11: IEEE 13 bus system, PV with unity power factor impact on grid power
factor - (a) PV active and reactive power, (b) PV bus voltage and current, (c) grid
voltage and current.
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Figure 7.12: IEEE 13 bus system, PV with 0.9 lag power factor impact on grid
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grid voltage and current.
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Figure 7.13: IEEE 13 bus system, PV with 0.8 lag power factor impact on grid
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Figure 7.14: IEEE 13 bus system with PV penetration, grid power factor at various
PV power factor settings.
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B- With Wind based on DFIG Penetration

A DG based on the DFIG is installed at bus 680 with 1.5 MW output power, which is
41 % of the total generation in the system. Detailed data regarding the DFIG system
are shown in Appendix D. The contribution of each power source to the total power
generation in the system and the locations are given in Table 7.3. The impact of the
installed DFIG based on wind energy on the grid power factor is shown in Figures
7.15, 7.16 and 7.17 for various power factor settings, unity, 0.9 lag and 0.8 lag
respectively. Figure 7.18 shows a comparison between different DFIG power factor
settings on the grid power factor. From this figure it is clear that the grid power factor
is enhanced when the DFIG provides reactive power and operates at non unity power
factors.

Table 7.3: IEEE 13 bus system, power generation source outputs and their locations

(DFIG case).
Grid DFIG
Total Generation 2.12 MW 1.5 MW
Location Bus 650 Bus 680
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Figure 7.15: IEEE 13 bus system, DFIG based wind with unity power factor impact
on grid power factor - (a) DFIG active and reactive power, (b) DFIG bus voltage
and current, (c) grid voltage and current.
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Figure 7.16: IEEE 13 bus system, DFIG based wind with 0.9 lag power factor
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voltage and current, (c) grid voltage and current.
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Figure 7.17: IEEE 13 bus system, DFIG based wind with 0.8 lag power factor
impact on grid power factor - (a) DFIG active and reactive power, (b) DFIG bus
voltage and current, (c) grid voltage and current.
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; Grid Power Factor at Various DFIG Power Factor Settings
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Figure 7.18: IEEE 13 bus system with DFIG penetration, grid power factor at
various DFIG power factor settings.

C- Wind based on Synchronous Generator with Fully Rated Converters
Penetration

A 2 MW distributed generation based on a wind FRC synchronous generator is
installed at bus 680, which is 55 % of the total generation in the system. Detailed data
regarding the FRC synchronous generator based on wind are shown in Appendix D.
The contribution of each power source to the total power generation in the distribution
system and the locations are given in Table 7.4. The impact of the installed DG based
on a wind FRC synchronous generator on the grid power factor is illustrated in Figures
7.19, 7.20 and 7.21 for various power factor settings, unity, 0.9 lag and 0.8 lag
respectively. A comparison between different installed DG power factor settings on
the grid power factor is shown in Figure 7.22. As shown in the figure, the grid power
factor is enhanced by around 55% when the FRC unit provides reactive power and

operates at non unity power factors.

Table 7.4: IEEE 13 bus system, power generation source outputs and their locations

(FRC case).
Grid wind FRC
Total Generation 1.62 MW 2 MW
Location Bus 650 Bus 680
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Figure 7.19: IEEE 13 bus system, FRC based wind with unity power factor impact
on grid power factor - (a) FRC active and reactive power, (b) FRC bus voltage and
current, (c) grid voltage and current.
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Figure 7.20: IEEE 13 bus system, FRC based wind with 0.9 lag power factor impact
on grid power factor - (a) FRC active and reactive power, (b) FRC bus voltage and
current, (c) grid voltage and current.
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Figure 7.21: IEEE 13 bus system, FRC based wind with 0.8 lag power factor impact
on grid power factor - (a) FRC active and reactive power, (b) FRC bus voltage and
current, (c) grid voltage and current.
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Figure 7.22: IEEE 13 bus system with wind FRC penetration, grid power factor at
various FRC power factor settings.
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7.7.3 IEEE 37 Bus Distribution System
The IEEE Power Engineering Society has published another test system for

distribution system analysis called the IEEE 37 Node Test Feeder [195]. A schematic
diagram of this system is illustrated in Chapter 4, Figure 4.23. Detailed data regarding
this system are given in Appendix B.2. The system is connected to the ac grid through
a two winding ac transformer. Bus 799 is the bus which interconnects the grid with the
test network. Table 4.6 in Chapter 4 summarizes the IEEE 37 bus distribution network
data. The grid is assumed to be an infinite bus. The renewable resources are connected
to the farthest node from the grid, which is bus number 741. The main objective of this
chapter is to investigate the impact of different renewable energy sources on the grid
power factor and the same test procedure discussed for the IEEE 13 bus system in
section 7.7.2 is used. The grid power factor without adding the renewable sources in

the 37 bus system is 0.88 lag, as shown in Figure 7.23.
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Figure 7.23: IEEE 37 bus system without renewables - (a) grid power factor, (b) grid
voltage and current.

A- With PV Penetration
A 1 MW photovoltaics unit is installed at bus 741, which represents 39 % of the total
generation in the system. The contribution of each power source to the total power

generation in the 37 bus system and the locations are given in Table 7.5. The impact
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of the installed photovoltaic unit on the grid power factor is shown in Figures 7.24,
7.25 and 7.26 for various power factor settings, unity, 0.9 lag and 0.8 lag respectively.
Figure 7.27 gives a comparison between various power factor settings of PV on the
grid power factor. It also shows that the grid power factor is enhanced when the PV

unit provides reactive power and operates at non unity power factors.

Table 7.5: IEEE 37 bus system, power generation source outputs and their locations

(PV case).
Grid PV
Total Generation 1.54 MW 1 MW
Location Bus 799 Bus 741
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Figure 7.24: IEEE 37 bus system, PV with unity power factor impact on grid power
factor - (a) PV active and reactive power, (b) PV bus voltage and current, (c) grid

voltage and current.
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Figure 7.25: IEEE 37 bus system, PV with 0.9 lag power factor impact on grid
power factor - (a) PV active and reactive power, (b) PV bus voltage and current, (c)
grid voltage and current.
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Figure 7.26: IEEE 37 bus system, PV with 0.8 lag power factor impact on grid
power factor - (a) PV active and reactive power, (b) PV bus voltage and current, (c)
grid voltage and current.

262



Grid Power Factor at Various PV Power Factor Settings
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Figure 7.27: IEEE 37 bus system with PV penetration, grid power factor at various
PV power factor settings.

B- With Wind based on DFIG Penetration

A DFIG based on wind energy is installed at bus 741 with 1.5 MW output power,
which is 59 % of the total generation in the 37 bus system. Table 7.6 shows the
contribution of each power source in the 37 bus system to the total power generation
and the locations. The impact of the installed DFIG on the grid power factor is shown
in Figures 7.28, 7.29 and 7.30 for various power factor settings, unity, 0.9 lag and 0.8
lag respectively. Figure 7.31 shows a comparison between different power factor
settings of the installed DFIG on the grid power factor. As shown in this figure, the
grid power factor is improved when the DFIG offers reactive power and operates at
non unity power factors.

Table 7.6: IEEE 37 bus system, power generation source outputs and their locations

(DFIG case).
Grid DFIG
Total Generation 1.04 MW 1.5 MW
Location Bus 799 Bus 741
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Figure 7.28: IEEE 37 bus system, DFIG based wind with unity power factor impact
on grid power factor - (a) DFIG active and reactive power, (b) DFIG bus voltage
and current, (c) grid voltage and current.
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Figure 7.29: IEEE 37 bus system, DFIG based wind with 0.9 lag power factor
impact on grid power factor - (a) DFIG active and reactive power, (b) DFIG bus
voltage and current, (c) grid voltage and current.
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(a) DFIG Active and Reactive Powers
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Figure 7.30: IEEE 37 bus system, DFIG based wind with 0.8 lag power factor
impact on grid power factor - (a) DFIG active and reactive power, (b) DFIG bus
voltage and current, (c) grid voltage and current.

Grid Power Factor at Various DFIG Power Factor Settings

1 I T T I T

08 Ik/m:‘#"ﬂrr I i

05 - -4
——Unity pf
——0.9 pf lag
0.8 pf lag
04 -
03 -
0.2 | | | | | | | ] |
0 1 2 3 4 5 6 7 8 9 10

Time (s)

Figure 7.31: IEEE 37 bus system with DFIG penetration, grid power factor at
various DFIG power factor settings.
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C- Wind based on Synchronous Generator with Fully Rated Converters
Penetration

A DG based on a wind FRC synchronous generator is installed at bus 680 with 2 MW
output power, which represents 79 % of the total generation in the 37 bus system. The
participation of each power source in the 37 bus system to the total power generation
and the locations are given in Table 7.7. The impact of the installed FRC wind unit on
the grid power factor is shown in Figures 7.32, 7.33 and 7.34 for various power factor
settings, unity, 0.9 lag and 0.8 lag respectively. Figure 7.35 shows a comparison
between different power factor settings of the installed wind FRC on the grid power
factor. It shows that the grid power factor is improved when the FRC unit provides

reactive power and operates at non unity power factors.

Table 7.7: IEEE 37 bus system, power generation source outputs and their locations

(FRC case).
Grid wind FRC
Total Generation 0.54 MW 2 MW
Location Bus 799 Bus 741

(a) FRC Active and Reactive Powers (b) FRC Bus Voltage and Current
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Figure 7.32: IEEE 37 bus system, FRC based wind with unity power factor impact
on grid power factor - (a) FRC active and reactive power, (b) FRC bus voltage and
current, (c) grid voltage and current.
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Figure 7.33: IEEE 37 bus system, FRC based wind with 0.9 lag power factor impact
on grid power factor - (a) FRC active and reactive power, (b) FRC bus voltage and
current, (c) grid voltage and current.
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Figure 7.34: IEEE 37 bus system, FRC based wind with 0.8 lag power factor impact
on grid power factor - (a) FRC active and reactive power, (b) FRC bus voltage and
current, (c) grid voltage and current.
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Grid Power Factor at Various Wind FRC Power Factor Settings
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Figure 7.35: IEEE 37 bus system with wind FRC penetration, grid power factor at
various FRC power factor settings.

7.7.4 IEEE 123 Bus Distribution System
The IEEE 123 Node Test Feeder is another test system for distribution system analysis

released by the IEEE Power Engineering Society [195]. A schematic diagram of this
system is illustrated in Chapter 4, Figure 4.34. Detailed data regarding this system are
given in Appendix B.3. The system is connected to the ac grid through a two winding
ac transformer. Bus 150 is the bus which interconnects the grid with the test network.
Table 4.11 in Chapter 4 summarizes the IEEE 123 bus distribution network data. The
grid is assumed to be an infinite bus. The DG based on renewable energy resources is
connected to the farthest node from the grid, which is bus 85. In this chapter, the impact
of different renewable energy sources on the grid power factor is investigated and the
same test procedure discussed for the IEEE 13 bus and IEEE 37 bus systems, in
sections 7.7.2 and 7.7.3, is used. The grid power factor of the 123 bus system without

adding the renewable energy sources is 0.85 lag, as shown in Figure 7.36.
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Figure 7.36: IEEE 123 bus system without renewables - (a) grid power factor, (b)
grid voltage and current.

A- With PV Penetration

A 1 MW DG based on a PV grid connected system is installed at bus 85, which
represents 27 % of the total generation in the 123 bus system. The contribution of each
power source to the total power generation in the 123 bus distribution system and the
locations are given in Table 7.8. The impact of the installed grid connected PV system
on the grid power factor is illustrated in Figures 7.37, 7.38 and 7.39 for various power
factor settings, unity, 0.9 lag and 0.8 lag respectively. A comparison between various
power factor settings of the photovoltaic unit on the grid power factor is shown in
Figure 7.40. It illustrates that the grid power factor is improved when the photovoltaic
unit offers reactive power and operates at non unity power factors.

Table 7.8: IEEE 123 bus system, power generation source outputs and their
locations (PV case).

Grid PV
Total Generation 2.63 MW 1 MW
Location Bus 150 Bus 85
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(a) PV Active and Reactive Powers (b) PV Bus Voltage and Current

25 T T 1.5
2r —P 4
1 |-
-~ —
< 15- q
2 05
g 1t >
o 3
« 05 g __& 0
=~ 3
E ¢ -0.5
~ L 4
Y -0.5 —_—
al | -1k —Voltage|
~——Current,
15 1 | | | 15 | | | I E—
0 2 4 6 8 10 4 4.01 4.02 4.03 4.04 4.05
Time (s) Time (s)
(c) Grid Voltage and Current (Grid pf = 0.78 lag)
1.5
T T T T T
1
0.5
>
3
& 9
S
-0.5
-1 ——Voltage
——Current,
1.5 [
4 4.005 4.01 4.015 4.02 4.025 4.03 4.035 4.04 4.045 4.05

Time (s)
Figure 7.37: IEEE 123 bus system, PV with unity power factor impact on grid power
factor - (a) PV active and reactive power, (b) PV bus voltage and current, (c) grid
voltage and current.
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Figure 7.38: IEEE 123 bus system, PV with 0.9 lag power factor impact on grid
power factor - (a) PV active and reactive power, (b) PV bus voltage and current, (c)
grid voltage and current.
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(a) PV Active and Reactive Powers (b) PV Bus Voltage and Current
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Figure 7.39: IEEE 123 bus system, PV with 0.8 lag power factor impact on grid
power factor - (a) PV active and reactive power, (b) PV bus voltage and current, (c)
grid voltage and current.
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Figure 7.40: IEEE 123 bus system with PV penetration, grid power factor at various
PV power factor settings.
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B- With Wind based on DFIG Penetration

A 1.5 DFIG based on wind is installed at bus 85, which is 41 % of the total generation
in the 123 bus distribution system. The contribution of each power source in the 123
bus distribution system to the total power generation and the locations are given in
Table 7.9. The impact of the installed renewable unit based on the DFIG on the grid
power factor is illustrated in Figures 7.41, 7.42 and 7.43 for various power factor
settings, unity, 0.9 lag and 0.8 lag respectively. A comparison between different power
factor settings of the installed wind turbine based on the DFIG on the grid power factor
is shown in Figure 7.44. From the figure it is clear that the grid power factor is
enhanced when the DFIG based on wind energy provides reactive power and operates
at non unity power factors.

Table 7.9: IEEE 123 bus system, power generation source outputs and their
locations (DFIG case).

Grid DFIG
Total Generation 2.13 MW 1.5 MW
Location Bus 150 Bus 85
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Figure 7.41: IEEE 123 bus system, DFIG based wind with unity power factor impact
on grid power factor - (a) DFIG active and reactive power, (b) DFIG bus voltage
and current, (c) grid voltage and current.
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Figure 7.42: IEEE 123 bus system, DFIG based wind with 0.9 lag power factor
impact on grid power factor - (a) DFIG active and reactive power, (b) DFIG bus
voltage and current, (c) grid voltage and current.
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Figure 7.43: IEEE 123 bus system, DFIG based wind with 0.8 lag power factor
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Grid Power Factor at Various DFIG Power Factor Settings
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Figure 7.44: IEEE 123 bus system with DFIG penetration, grid power factor at

various DFIG power factor settings.

C- Wind based on Synchronous Generator with Fully Rated Converters

Penetration

A 2 MW distributed generation based on a wind FRC synchronous generator is

installed at bus 85, which represents 55 % of the total generation in the 123 bus

distribution system. The contribution of each power source in the 123 bus distribution

system to the total power generation and the locations are given in Table 7.10. The

impact of the installed DG unit on the grid power factor is illustrated in Figures 7.45,

7.46 and 7.47 for various power factor settings, unity, 0.9 lag and 0.8 lag respectively.

A comparison between different power factor settings of the installed FRC unit based

on wind energy on the grid power factor is shown in Figure 7.48. From this figure it is

clear that the grid power factor is enhanced when the FRC unit offers reactive power

and operates at non unity power factors.

Table 7.10: IEEE 123 bus system, power generation source outputs and their

locations (FRC case).

Grid wind FRC
Total Generation 1.63 MW 2 MW
Location Bus 150 Bus 85
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Figure 7.45: IEEE 123 bus system, FRC based wind with unity power factor impact
on grid power factor - (a) FRC active and reactive power, (b) FRC bus voltage and
current, (c) grid voltage and current.
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Figure 7.46: IEEE 123 bus system, FRC based wind with 0.9 lag power factor
impact on grid power factor - (a) FRC active and reactive power, (b) FRC bus
voltage and current, (c) grid voltage and current.
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Figure 7.47: IEEE 123 bus system, FRC based wind with 0.8 lag power factor
impact on grid power factor - (a) FRC active and reactive power, (b) FRC bus
voltage and current, (c) grid voltage and current.
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Figure 7.48: IEEE 123 bus system with wind FRC penetration, grid power factor at
various FRC power factor settings.
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7.8 Conclusions

The presence of renewable energy sources based on wind and solar energy has
increased considerably in distribution systems due to governmental support and the
need to tackle climate change. However, the increase in renewable energy penetration
has led to various technical challenges to power systems, such as renewable units
without reactive power controllability experiencing a rise in system voltages. In
addition, the grid power factor can be affected, as discussed in this chapter. Providing
reactive power from renewable energy resources can improve this. This chapter has
investigated the need for reactive power support from renewable units in power
systems. It has also discussed various renewable energy technologies. A wind turbine
based on the DFIG, a wind turbine based on a synchronous generator with fully rated
converters, and solar energy based on photovoltaics have all been discussed in this

chapter and they have been used as distributed generation units.

A three phase two stage transformerless PV grid connected system has been proposed
in this chapter with reactive power capability. The simulation results have illustrated
how a PV system can provide reactive power under different solar irradiance
conditions. The grid power factor of various distribution systems have been
investigated with and without renewable energy penetration. DG units based on wind
energy DFIG, FRC wind, and photovoltaics have been shown to affect the grid power
factor when these units operate at unity power factor for the selected distribution
systems. When these generating units operate at different power factor settings, the

power factor of the grid is improved, as shown in the simulation results.
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CHAPTER 8 Conclusions
8.1 General Conclusions

This thesis presented a general review of renewable energy generating units based on
wind and solar-photovoltaics, focusing on the relevant technologies in use today for
wind power generation and PV grid connected systems. The evolution of the wind and
photovoltaic industry and the potential and benefits of such renewable energy sources
were discussed. The aim was to put forward an understanding of the dramatic increase
and developments of wind power and PV generation systems around the world and the
likely consequences this will have on power systems operation. It was shown that the
PV industry has been developed considerably in the last few years, with 140 GW being
installed in just the last four years compared to around 40 GW installed beforehand.
Wind power has increased rapidly in the last few years and is approaching more than
369 GW cumulative installed capacity. The main reasons for the rapid development in
wind and PV generation in power systems are environmental, economic (governments’
economic incentives such as cost subsidies) and related to the security of supply.
However, solar and wind power generation have intermittent nature and their output
power can be affected by solar irradiance and wind speed respectively which may have
a negative impact on power systems operation. Various challenges facing the
integration of PV systems and wind generators in power networks were also discussed,
such as how much land is needed, raw material availability, reliability problems, PV

and wind generating units’ efficiency and grid code requirements.

Distributed generation units based on renewable energy including wind and PV units
have been required to be disconnected in the past for all fault conditions. This may
have led to severe voltage and dynamic stability problems at high renewable
penetration levels. The security of supply can be jeopardised by disconnection of
renewable energy units in such a system as this leads to a large imbalance between
generation and load. Therefore, due to the increase in the use of renewable energy
sources for power generation in distribution networks, fault ride through (FRT) grid
requirements have been changed in several countries worldwide because the
disconnection of large parts of these renewable generating units during fault conditions

may cause system instability. This thesis discussed the need to ride through grid faults,
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as the distributed generation based on renewable energy could also be at risk of
overvoltages and/or overcurrents when the fault location is close to connection
terminals. Wind turbines based on the DFIG, wind turbines based on a synchronous
generator with fully rated converters, and photovoltaics based on solar energy were
investigated as renewable energy sources. These wind and solar units have power
electronic converters in their structures. The DC link voltages of these renewable
generating units increase during faults and this can damage the power electronic
converters. As a result, the power electronic converters should be protected from the
effects of such fault conditions. DC choppers were added to the DC link of wind
generating units and the simulation results showed that DC link voltages can be
maintained within acceptable limits. The fault ride through issues for wind power in
transmission systems were investigated in the past, however, this research investigated
the fault ride through requirements of such renewable sources in distribution systems.
For a photovoltaic based solar energy system, a three phase two stage transformerless
PV grid connected was proposed with a new technique to protect the PV converters
from faults and to keep the DC link voltage within given limits. There is no need for
hardware elements to be added to the control of the PV converter which means no
additional costs is needed. However, the DC-DC converter signal which tracks the
maximum available power will work during faults to keep the DC voltage within limits
and protect the PV converters by using proportional integral (PI) controllers. The
simulation results showed that the proposed PV system can ride through faults and the
DC link voltage was kept within limits. Various modified generic distribution systems
were investigated while experiencing severe fault conditions such as three phase faults.
Two different locations for the applied faults were selected to discuss the FRT
performance of the distribution networks, one close to the grid and the other close to
the renewable generating units. The simulation results showed that the voltage
recovery of these distribution systems with high renewable energy penetration based

on wind and PV meet the German’s LVRT requirements for distributed generators.

The higher the penetration levels of renewable energy sources in distribution systems
the lower the stability of the systems will be, as illustrated in this thesis. Unlike the
works done in literature which considered large power systems (transmission systems),

the transient stability of various distribution networks with high wind and solar power
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penetration was investigated in this research. The transient stability was assessed by
using the Transient Stability Index method and the simulation results showed that the
transient stability of the distribution systems is reduced when these systems have high
renewable energy penetration based on wind and PV. The transient stability of these
systems was studied when these systems were subjected to a three phase fault and
different fault locations affected the transient stability. Wind turbines based on the
DFIG, a synchronous generator with fully rated converters based on wind energy, and
solar energy based on photovoltaic technology were the renewable energy sources
used in this thesis to investigate the transient stability. The simulation results showed
that the distribution systems remain stable and return to pre-fault conditions when
these systems experience transient fault conditions. However, to improve the impact
of renewable sources on system transient stability, fault ride through capability and
reactive power dynamic support during fault conditions are required from these

generating units.

Due to the rapid increase in renewable energy sources in power systems, several
countries have released grid code requirements for renewable energy generating units.
A frequency response requirement is one such grid code requirement which has been
introduced in recent years. It is an issue in power dynamic operations, as some
renewable energy sources have different characteristics from conventional
synchronous generators in several respects. One significant difference is that, some
renewable generators are connected to the grid via power electronic converters and
this causes decoupling of the inertia of their generators from power system inertia,
such as in variable speed wind turbines based on the DFIG or a synchronous generator
with fully rated converters. Some other renewable energy units, such as photovoltaics
do not contribute towards system inertia as there is no machine in their structures to
contribute towards power system inertia. Therefore, this thesis discussed system
frequency response with high penetration of such renewable technologies when a
system is subjected to under- or over-frequency conditions. Various different
frequency controls published in literature, including inertia response, active power
curtailment and the frequency droop control technique were implemented on large
power systems; however, due to the dramatic growth in penetration of renewable

sources in distribution systems, it has been important to study the frequency response
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of such systems. Various modified generic distribution networks with high renewable
energy penetration based on wind and PV were discussed in this research in terms of
frequency response. Inertia control and active power reduction methods were
investigated in relation to these test systems for different renewable energy
technologies based on wind and solar energy. A new frequency control for a wind
turbine based on the DFIG was also proposed in this research and was discussed in
relation to different distribution systems. The proposed technique to control frequency
in the DFIG is aimed at controlling the system frequency by giving second by second
responses from the DFIG. The DFIG was modelled in the d-q synchronous frame and
the frequency was controlled by added a signal of the frequency and active power
changing to the nominal values (1 p.u.) during the frequency disturbance conditions to
the rotor current in the d-axis. The proposed frequency control for the DFIG improved
the distribution systems’ frequency responses, as shown in the simulation results, when

these systems experienced under- and over-frequency conditions.

Finally, the grid power factor can be affected when the distributed generation based
on renewable sources does not have reactive power control and when they operate at
the unity power factor as discussed in this thesis. High renewable energy penetration
without reactive power controllability can also lead to a rise in system voltages.
Providing reactive power from these generating units can help to solve these problems.
The majority of research publications in literature have discussed the reactive power
capability of large-scale wind turbines in transmission systems. However, this research
investigated the impact of high wind power penetration based on DFIG and
synchronous generator with fully rated converters on the grid power factor and the
possibility of providing reactive power and operating at non-unity power factor in
various generic distribution systems. The grid power factor of various distribution
systems was discussed with and without such renewable energy sources. The
simulation results of these distribution systems showed that the renewable energy
generating units affected the grid power factor when these units operated at the unity
power factor. When these renewable generating units operated at different power
factor settings, the grid power factor was improved. A three phase two stage
transformerless PV grid connected system with reactive power capability was also

proposed in this thesis. The proposed model of the PV system was achieved by
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controlling the PV inverter and the inverter was controlled in the d-q reference frame.

The PV inverter reactive power was controlled in the g-axis. The simulation results

showed how a photovoltaic system can provide reactive power and operate at non-

unity power factor under different solar irradiance conditions.

8.2 Suggestions for Future Research

The research undertaken in this thesis has addressed some issues related to the

integration of distributed generation based on wind and photovoltaics in distribution

systems. These issues included fault ride through, transient stability, frequency

response and the impact on the grid power factor. However, there are several issues

that need further investigation in the future, as identified in the following points:

Voltage stability of distribution systems with high renewable energy
penetration

It would be interesting to study the voltage stability of various distribution
systems with different renewable energy technologies, such as wind turbines
based on the DFIG, a synchronous generator with fully rated converters based
on wind energy, and solar energy based on photovoltaics. The impact of these
renewable generating units with and without reactive power controllability and
using reactive power compensators such as SVC and DSTATCOM on the
voltage stability can be investigated.

Further research on the transient stability of distribution systems with
high renewable energy penetration

The transient fault duration applied in this thesis was 200 milliseconds (10
cycles, 50 Hz system). In future research the fault duration could be extended
to, for instance, 500 milliseconds, and consideration could be given to the
protection devices settings of distribution systems. The impact of renewable
energy generating units with reactive power controllability on distribution
system transient stability is another interesting research topic.

Investigating the impact of high renewable energy penetration in

distribution systems on protection systems
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It would be useful to study the effects of different renewable energy
technologies, such as wind and solar technologies, on the protection devices of
distribution systems.

Investigating renewable energy sources with storage devices

Technical issues were investigated in this thesis in relation to renewable energy
sources that do not include storage devices. It would be useful to study these
issues when storage devices such as batteries are included.

Economic analysis of increasing renewable energy penetration in
distribution systems

It would be useful to analyse the integration of renewable generation from an
economic point of view, with and without, for instance, fault ride through

capability and reactive power controllability.
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Appendices

Appendix A: Commonly PV Modules in the UK Market

. . . Area Watts per Peak Peak Peak R
Manufacturer Product Technology Efﬁ?ency WA | (Metre metrre) Voltage | Current | Output BRI
2 (mm) | (mm) Squared) squared (Volts) | (Amps) | (Watts) \(/\c;gcﬁgsg)e
SunPower 315 Solar Panel Monocrystalline 19.32 1559 1046 1.63 193.17 54.7 5.76 315 600
SunPower 230 Solar Panel Monocrystalline 18.49 1559 798 1.24 184.88 41 5.61 230 600
SunPower 225 Solar Panel Monocrystalline 18.09 1559 798 1.24 180.86 41 5.49 225 600
SunPower 215 Solar Panel Monocrystalline 17.28 1559 798 1.24 172.82 39.8 54 215 600
SunPower 210 Solar Panel Monocrystalline 16.88 1559 798 1.24 168.8 40 5.25 210 600
Mitsubishi PV-TD175MF5 Polycrystalline 12.66 1658 834 1.38 126.56 23.9 7.32 175 1000
Mitsubishi PV-TD180MF5 Polycrystalline 13.02 1658 834 1.38 130.17 24.2 7.45 180 1000
Mitsubishi PV-TD185MF5 Polycrystalline 13.38 1658 834 1.38 133.79 24.4 7.58 185 1000
Mitsubishi PV-TD190MF5 Polycrystalline 13.74 1658 834 1.38 137.41 24.7 7.71 190 1000
Mitsubishi PV-TE130MF5N | Polycrystalline 12.9 1495 674 1.01 129.02 17.4 7.47 130 1000
Mitsubishi PV-TE125MF5N | Polycrystalline 12.41 1495 674 1.01 124.05 17.3 7.23 125 1000
Mitsubishi PV-TE120MF5N | Polycrystalline 11.91 1495 674 1.01 119.09 17.2 6.99 120 1000
Mitsubishi PV-TE115MF5N | Polycrystalline 11.41 1495 674 1.01 114.13 17.1 6.75 115 1000
Mitsubishi PV-MF185TD4 Polycrystalline 13.38 1658 834 1.38 133.79 24.4 7.58 185 780
Mitsubishi PV-MF180TD4 Polycrystalline 13.02 1658 834 1.38 130.17 24.2 7.45 180 780
Mitsubishi PV-MF175TD4 Polycrystalline 12.66 1658 834 1.38 126.56 23.9 7.32 175 780
Mitsubishi PV-MF170TD4 Polycrystalline 12.29 1658 834 1.38 122.94 23.7 7.19 170 780
Mitsubishi PV-MF130TE4N | Polycrystalline 12.9 1495 674 1.01 129.02 17.4 7.47 130 780
Mitsubishi PV-MF125TE4N | Polycrystalline 12.41 1495 674 1.01 124.05 17.3 7.23 125 780
Mitsubishi PV-MF120TE4N | Polycrystalline 11.91 1495 674 1.01 119.09 17.2 6.99 120 780
Mitsubishi PV-MF115TE4N | Polycrystalline 11.41 1495 674 1.01 114.13 17.1 6.75 115 780
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Area

Watts per

Peak

Peak

Peak

Maximum

Manufacturer Product Technology Efﬁ?ency WA | (Metre metre Voltage | Current | Output BRI
% (mm) | (mm) Squared) squared (Volts) | (Amps) | (Watts) \(/\c;gcﬁgsg)e
Mitsubishi PV-AD190MF5 Polycrystalline 13.74 1658 834 1.38 137.41 24.7 7.71 190 1000
Mitsubishi PV-AD185MF5 Polycrystalline 13.38 1658 834 1.38 133.79 24.4 7.58 185 1000
Mitsubishi PV-AD180MF5 Polycrystalline 13.02 1658 834 1.38 130.17 24.2 7.45 180 1000
Mitsubishi PV-AD175MF5 Polycrystalline 12.66 1658 834 1.38 126.56 23.9 7.32 175 1000
Mitsubishi PV-AE130MF5N | Polycrystalline 12.9 1495 674 1.01 129.02 17.4 8.05 130 1000
Mitsubishi PV-AE125MF5N | Polycrystalline 12.41 1495 674 1.01 124.05 17.3 7.9 125 1000
Mitsubishi PV-AE120MF5N | Polycrystalline 11.91 1495 674 1.01 119.09 17.2 7.75 120 1000
Mitsubishi PV-AE115MF5N | Polycrystalline 11.41 1495 674 1.01 114.13 17.1 7.6 115 1000
Mitsubishi PV-MF170EB4 Polycrystalline 13.45 1580 800 1.26 134.49 24.6 6.93 170 780
Mitsubishi PV-MF165EB4 Polycrystalline 13.05 1580 800 1.26 130.54 24.2 7.36 165 780
Mitsubishi PV-MF125EA4 Polycrystalline 12.47 1248 803 1 124.73 18.8 6.63 125 600
Mitsubishi PV-MF120EC4 Polycrystalline 13.04 1425 646 0.92 130.36 17.6 6.84 120 780
Mitsubishi PV-MF110EC4 Polycrystalline 11.95 1425 646 0.92 119.49 17.1 6.43 110 780
Mitsubishi PV-MF160EB4 Polycrystalline 12.66 1580 800 1.26 126.58 23.8 6.72 160 780
Mitsubishi PV-MF130EA4 Polycrystalline 12.97 1248 803 1 129.72 19.2 6.79 130 600
Sanyo HIT-240HDE4 HIT 17.31 1610 861 1.39 173.13 35.5 6.77 240 1000
Sanyo HIT-235HDE4 HIT 16.95 1610 861 1.39 169.53 35.1 6.7 235 1000
HIT-
Sanyo 205DNKHE] HIT 14.59 1630 862 1.41 145.9 413 4.97 205 1000
HIT-
Sanyo 200DNKHEI HIT 14.23 1630 862 1.41 142.34 40.7 4.92 200 1000
Sanyo HIT-N220E01 HIT 17.45 1580 798 1.26 174.49 41.6 5.31 220 1000
Sanyo HIT-N215E01 HIT 17.05 1580 798 1.26 170.52 40.9 5.27 215 1000
Sharp NE-80EJEA Polycrystalline 12.41 1200 537 0.64 124.15 21.6 4.63 80 600
Sharp NE-165UC1 Polycrystalline 12.68 1575 826 1.3 126.83 34.6 4.77 165 600
Sharp NE-170UC1 Polycrystalline 13.07 1575 826 1.3 130.67 34.8 4.9 170 600
Sharp ND-123UJF Polycrystalline 12.39 1499 662 0.99 123.95 17.2 7.15 123 600
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Watts per

Peak

Peak

Peak
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Manufacturer Product Technology Efﬁ?ency WA | (Metre metre Voltage | Current | Output BRI
2 (mm) | (mm) Squared) squared (Volts) | (Amps) | (Watts) \(/\c;gﬁgsg)e
Sharp ND-130UJF Polycrystalline 13.1 1499 662 0.99 131 17.4 7.5 130 600
Sharp ND-176UCI Polycrystalline 13.33 1328 994 1.32 133.33 23.42 7.52 176 600
Sharp ND-198UCI1 Polycrystalline 13.36 1491 994 1.48 133.6 26.3 7.52 198 600
Sharp ND-224UCl1 Polycrystalline 13.74 1640 994 1.63 137.41 29.3 7.66 224 600
Sharp NU-U230F3 Monocrystaline 14.11 1640 994 1.63 141.09 30 7.67 230 600
Sharp NU-U235F1 Monocrystaline 14.42 1640 994 1.63 144.16 30 8.4 235 600
Sharp NA-V115H5 Thin Film 8.09 1409 1009 1.42 80.89 174 0.661 115 1000
Sharp NA-VI121H5 Thin Film 8.51 1409 1009 1.42 85.11 180 0.673 121 1000
Sharp NA-V128H5 Thin Film 9 1409 1009 1.42 90.03 186 0.688 128 1000
Sharp NA-V142H5 Thin Film 9.99 1409 1009 1.42 99.88 188 0.72 142 1000
Sharp NA-V135H5 Thin Film 9.5 1409 1009 1.42 94.96 192 0.74 135 1000
Yingli YL 165 P-23b Polycrystalline 12.72 1310 990 1.3 127.23 23 7.17 165 1000
Yingli YL 170 P-23b Polycrystalline 13.11 1310 990 1.3 131.08 23 7.39 170 1000
Yingli YL 175 P-23b Polycrystalline 13.49 1310 990 1.3 134.94 23 7.61 175 1000
Yingli YL 180 P-23b Polycrystalline 13.88 1310 990 1.3 138.79 23 7.83 180 1000
Yingli YL 185 P-23b Polycrystalline 14.26 1310 990 1.3 142.65 23.5 7.87 185 1000
Yingli YL 260 P-35b Polycrystalline 13.33 1970 990 1.95 133.31 35 7.43 260 1000
Yingli YL 265 P-35b Polycrystalline 13.59 1970 990 1.95 135.88 353 7.5 265 1000
Yingli YL 270 P-35b Polycrystalline 13.84 1970 990 1.95 138.44 353 7.65 270 1000
Yingli YL 275 P-35b Polycrystalline 14.1 1970 990 1.95 141 35.5 7.75 275 1000
Yingli YL 280 P-35b Polycrystalline 14.36 1970 990 1.95 143.57 35.5 7.89 280 1000
Yingli YL 235 P-32b Polycrystalline 13.11 1810 990 1.79 131.15 32 7.34 235 1000
Yingli YL 240 P-32b Polycrystalline 13.39 1810 990 1.79 133.94 322 7.45 240 1000
Yingli YL 245 P-32b Polycrystalline 13.67 1810 990 1.79 136.73 322 7.61 245 1000
Yingli YL 250 P-32b Polycrystalline 13.95 1810 990 1.79 139.52 32.3 7.74 250 1000
Yingli YL 255 P-32b Polycrystalline 14.23 1810 990 1.79 142.31 32.5 7.85 255 1000
Yingli YL 210 P-29b Polycrystalline 12.86 1650 990 1.63 128.56 28.5 7.37 210 1000
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Area

Watts per

Peak

Peak

Peak

Maximum

Manufacturer Product Technology Efﬁ?ency WA | (Metre metre Voltage | Current | Output BRI
2 (mm) | (mm) Squared) squared (Volts) | (Amps) | (Watts) \(/\c;gﬁgsg)e
Yingli YL 215 P-29b Polycrystalline 13.16 1650 990 1.63 131.62 29 7.41 215 1000
Yingli YL 220 P-29b Polycrystalline 13.47 1650 990 1.63 134.68 29 7.59 220 1000
Yingli YL 225 P-29b Polycrystalline 13.77 1650 990 1.63 137.74 29 7.63 225 1000
Yingli YL 230 P-29b Polycrystalline 14.08 1650 990 1.63 140.8 29.5 7.8 230 1000
Yingli YL 235 P-29b Polycrystalline 14.39 1650 990 1.63 143.86 29.5 7.97 235 1000
Yingli YL 190 P-26b Polycrystalline 12.84 1495 990 1.48 128.37 25.8 7.36 190 1000
Yingli YL 195 P-26b Polycrystalline 13.18 1495 990 1.48 131.75 26 7.5 195 1000
Yingli YL 200 P-26b Polycrystalline 13.51 1495 990 1.48 135.13 26.3 7.6 200 1000
Yingli YL 205 P-26b Polycrystalline 13.85 1495 990 1.48 138.51 26.5 7.74 205 1000
Yingli YL 210 P-26b Polycrystalline 14.19 1495 990 1.48 141.89 26.6 7.9 210 1000
Yingli YL175Wp Polycrystalline 13.49 1310 990 1.3 134.94 23.5 7.5 175 1000
Yingli YL180Wp Polycrystalline 13.88 1310 990 1.3 138.79 23 7.8 180 1000
Yingli YL210Wp Polycrystalline 12.86 1650 990 1.63 128.56 29.5 7.2 210 1000
Yingli YL230Wp Polycrystalline 14.08 1650 990 1.63 140.8 30 7.66 230 1000
Yingli YL260P-35b Polycrystalline 13.33 1970 990 1.95 133.31 35 7.43 260 1000
Yingli YL265P-35b Polycrystalline 13.59 1970 990 1.95 135.88 353 7.5 265 1000
Yingli YL270-35b Polycrystalline 13.84 1970 990 1.95 138.44 353 7.65 270 1000
Yingli YL275-35b Polycrystalline 14.1 1970 990 1.95 141 35.5 7.75 275 1000
Yingli YL280-35b Polycrystalline 14.36 1970 990 1.95 143.57 35.5 7.89 280 1000
Suntech STP210-18/Ud Polycrystalline 14.28 1482 992 1.47 142.84 26.4 7.95 210 1000
Suntech STP205-18/Ud Polycrystalline 14.62 1482 992 1.47 146.24 26.3 7.8 215 1000
Suntech STP225-20-Wd Polycrystalline 13.64 1665 991 1.65 136.36 29.6 7.61 225 1000
Suntech STP220-20-Wd Polycrystalline 13.33 1665 991 1.65 133.33 29.5 7.46 220 1000
Suntech STP195S-24-Ad+ | Polycrystalline 15.27 1580 808 1.28 152.74 36.6 5.33 195 1000
Suntech STP190S-24-Ad+ | Polycrystalline 14.88 1580 808 1.28 148.83 36.5 52 190 1000
Suntech STP090Ts-AA Thinfilm 6.29 1300 1100 1.43 62.94 73.2 1.23 90 1000
Suntech STP086Ts-AA Thinfilm 6.01 1300 1100 1.43 60.14 72.3 1.19 86 1000
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Area

Watts per

Peak

Peak

Peak
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Manufacturer Product Technology Efﬁ?ency WA | (Metre metre Voltage | Current | Output BRI
2 (mm) | (mm) Squared) squared (Volts) | (Amps) | (Watts) \(/\c;gcﬁgsg)e
Suntech STP082s-AA Thinfilm 5.73 1300 1100 1.43 57.34 71.3 1.15 82 1000
Suntech STP380Ts-DA Thinfilm 6.64 2600 2200 5.72 66.43 148.4 2.56 380 1000
Suntech STP370Ts-DA Thinfilm 6.47 2600 2200 5.72 64.69 147.4 2.51 370 1000
Suntech STP360Ts-DA Thinfilm 6.29 2600 2200 5.72 62.94 146.3 2.46 360 1000
Suntech STP350Ts-DA Thinfilm 6.12 2600 2200 5.72 61.19 145.2 2.41 350 1000
Suntech STP185Ts-BA Thinfilm 6.47 2200 1300 2.86 64.69 147.4 1.26 185 1000
Suntech STP180s-BA Thinfilm 6.29 2200 1300 2.86 62.94 146.4 1.23 180 1000
Suntech STP175s-BA Thinfilm 6.12 2200 1300 2.86 61.19 145.2 1.21 175 1000
Suntech STP170s-BA Thinfilm 5.94 2200 1300 2.86 59.44 144.1 1.18 170 1000
Suntech STP090Ts-AC Thinfilm 6.2 1309 1109 1.45 62 73.2 1.23 90 1000
Suntech STP0O86Ts-AC Thinfilm 5.92 1309 1109 1.45 59.24 72.3 1.19 86 1000
Suntech STP082Ts-AC Thinfilm 5.65 1309 1109 1.45 56.49 71.3 1.15 82 1000
Suntech STP185Ts-CA Thinfilm 6.47 2600 1100 2.86 64.69 73.7 2.51 185 1000
Suntech STP180Ts-CA Thinfilm 6.29 2600 1100 2.86 62.94 73.2 2.46 180 1000
Suntech STP175Ts-CA Thinfilm 6.12 2600 1100 2.86 61.19 72.6 2.41 175 1000
Suntech STP170Ts-CA Thinfilm 5.94 2600 1100 2.86 59.44 72 2.36 170 1000
Suntech STP185S-24-Ad | Monocrystalline 14.49 1580 808 1.28 144.91 36.4 5.09 185 1000
Suntech STP180S-24-Ad | Monocrystalline 14.1 1580 808 1.28 141 36 5 180 1000
Suntech STP280-24-Vd Monocrystalline 14.43 1956 992 1.94 144.3 35.2 7.95 280 1000
Suntech STP275-24-Vd Monocrystalline 14.17 1956 992 1.94 141.73 35.1 7.84 275 1000
R P %ﬁ;ﬁgg;‘l\f " | Monocrystalline | 13.08 | 1197 | 530 0.63 130.83 18.1 4.6 83 1000
PowerGlaz RG-
Romag SMT6(48)P Polycrystalline 14.12 1318 994 1.31 141.21 24.5 7.7 185 1000
648185
PowerGlaz RG-
Romag SMT6(48)P Polycrystalline 13.74 1318 994 1.31 137.39 23.9 7.6 180 1000
648180
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Manufacturer

Product

Technology

Efficiency
%

Width

Height

Area
(Metre
Squared)

Watts per
metre
squared

Peak
Voltage
(Volts)

Peak
Current
(Amps)

Peak
Output
(Watts)

Maximum
System
Voltage
(Volts)

Romag

PowerGlaz RG-
SMT6(48)P
648175

Polycrystalline

13.36

1318

994

1.31

133.58

23.5

7.5

175

1000

Romag

PowerGlaz RG-
SMT6(48)P
648170

Polycrystalline

12.98

1318

994

1.31

129.76

23.1

7.4

170

1000

Romag

PowerGlaz RG-
SMT6(48)P
648165

Polycrystalline

12.59

1318

994

1.31

125.95

22.5

7.4

165

1000

Romag

PowerGlaz RG-
SMT6(48)P
648160

Polycrystalline

12.21

1318

994

1.31

122.13

219

7.31

160

1000

Romag

PowerGlaz RG-
SMT6(54)P
654210

Polycrystalline

14.26

1482

994

1.47

142.56

27.54

7.6

210

1000

Romag

PowerGlaz RG-
SMT6(54)P
654200

Polycrystalline

13.58

1482

994

1.47

135.77

2691

7.5

200

1000

Romag

PowerGlaz RG-
SMT6(54)P
654195

Polycrystalline

13.24

1482

994

1.47

132.37

26.35

7.4

195

1000

Romag

PowerGlaz RG-
SMT6(54)P
654190

Polycrystalline

12.9

1482

994

1.47

128.98

26.03

7.3

190

1000

Romag

PowerGlaz RG-
SMT6(60)P
660235

Polycrystalline

14.42

1640

994

1.63

144.16

30.6

7.7

235

1000

Romag

PowerGlaz RG-
SMT6(60)P
660230

Polycrystalline

14.11

1640

994

1.63

141.09

303

7.6

230

1000
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Area

Watts per

Peak

Peak

Peak

Maximum

Manufacturer Product Technology Efﬁ?ency WA | (Metre metre Voltage | Current | Output Syitem
2 (mm) | (mm) Squared) squared (Volts) | (Amps) | (Watts) Viellzge
(Volts)
PowerGlaz RG-
Romag SMT6(60)P Polycrystalline 13.8 1640 994 1.63 138.02 29.9 7.5 225 1000
660225
PowerGlaz RG-
Romag SMT6(60)P Polycrystalline 13.5 1640 994 1.63 134.96 29.4 7.5 220 1000
660220
PowerGlaz RG-
Romag SMT6(60)P Polycrystalline 12.88 1640 994 1.63 128.82 28.4 7.4 210 1000
660210
PowerGlaz RG-
Romag SMT6(60)P Polycrystalline 12.58 1640 994 1.63 125.75 27.9 7.3 205 1000
660205
Kyocera KD210GH-2PU Polycrystalline 14.14 1500 990 1.49 141.41 26.6 7.9 210 1000
Kyocera KDI185GH-2PU Polycrystalline 13.97 1338 990 1.32 139.66 23.6 7.84 185 1000
Kyocera KDI135GH-2PU Polycrystalline 13.47 1500 668 1 134.73 17.7 7.63 135 1000
Kyocera KD135SX-1PU Polycrystalline 13.47 1500 668 1 134.73 17.7 7.63 135 750
Kyocera KD95SX-1P Polycrystalline 13.8 1043 660 0.69 138.01 17.9 5.31 95 750
Kyocera KD70SX-1P Polycrystalline 13.63 778 660 0.51 136.32 17.9 3.92 70 750
Kyocera KDS50SE-1P Polycrystalline 9.52 706 744 0.53 95.19 17.9 2.8 50 750
Kyocera KC16T Polycrystalline 11.05 517 280 0.14 110.53 17.4 0.93 16 50
Kyocera KC21T Polycrystalline 11.18 367 512 0.19 111.76 17.4 1.12 21 50
Kyocera KC32T Polycrystalline 12.09 517 512 0.26 120.89 17.4 1.84 32 50
Schott SCHOTIPOLY | polyerystalline | 13.45 | 1685 | 993 1.67 13447 | 298 | 755 | 225 600
Schott SHOTTOMY | Polyerystalline | 1315 | 1685 | 993 1.67 13148 | 297 | 741 | 220 600
Schott Seroz 1T7P OLY | polyerystalline | 12.97 | 1685 | 993 1.67 12060 | 296 | 733 | 217 600
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Area

Watts per

Peak

Peak

Peak

Maximum

Manufacturer Product Technology Efﬁ?ency WA | (Metre metre Voltage | Current | Output BRI
2 (mm) | (mm) Squared) squared (Volts) | (Amps) | (Watts) \(/\c;gﬁgsg)e
Schott SCHOZTlTOP OLY | polyerystalline | 12.55 | 1685 | 993 1.67 125.51 293 | 716 | 210 600
BP Solar BP350J Polycrystalline 11.1 839 537 0.45 110.98 17.5 2.9 50 600
BP Solar BP380J Polycrystalline 12.32 1209 537 0.65 123.22 17.6 4.6 80 600
BP Solar BP3160N Polycrystalline 12.71 1593 790 1.26 127.14 35.1 4.55 160 1000
BP Solar BP3170N Polycrystalline 13.51 1593 790 1.26 135.08 35.5 4.8 170 1000
BP Solar BP4175N Polycrystalline 13.91 1593 790 1.26 139.06 354 4.9 175 1000
BP Solar BP4175T Polycrystalline 13.96 1587 790 1.25 139.58 354 4.9 175 1000
BP Solar SX-305M Polycrystalline 7.41 269 251 0.07 74.05 16.5 0.27 5 50
BP Solar SX-310J Polycrystalline 8.62 425 273 0.12 86.19 16.8 0.59 10 50
BP Solar SX-320U Polycrystalline 9.37 502 425 0.21 93.74 16.8 1.19 20 50
BP Solar SX-330U Polycrystalline 10.04 595 502 0.3 100.44 16.8 1.78 30 50




Appendix B: IEEE Distribution Systems Detailed Data

B1. IEEE 13 Bus Distribution System

B1.1 Bus Data and Load Flow Results

Terminal Voltage Generation Load
Bus No. | Magnitude | Angle Active | Reactive | Active | Reactive
(p.u.) (deg) (MW) (MVAr) (MW) (MVAr)
611 0.899 24.73 0.00 0.00 0.17 0.08
632 0.934 26.56 0.00 0.00 0.20 0.12
633 0.931 26.51 0.00 0.00 0.00 0.00
634 0.908 25.04 0.00 0.00 0.40 0.29
645 0.931 26.53 0.00 0.00 0.17 0.125
646 0.930 26.51 0.00 0.00 0.23 0.132
650 0.981 28.86 0.00 0.00 0.00 0.00
652 0.899 24.75 0.00 0.00 0.128 0.086
671 0.901 24.76 0.00 0.00 1.155 0.66
675 0.898 24.71 0.00 0.00 0.843 0.462
680 0.901 24.76 0.00 0.00 0.00 0.00
684 0.900 24.74 0.00 0.00 0.00 0.00
692 0.901 24.76 0.00 0.00 0.17 0.151
B (Grid) 1.000 0.00 3.62 2.65 0.00 0.00
B1.2 Transformers Data
Transformer Ble;zzi“ MVA | kV-high | kV-low | R-% | X-%
Substation | ° (gs%d) s 115-D | 416Gr.Y | 1 8
XFM -1 633-634 0.5 [4.16-Gr.W | 048-Gr.W | 1.1 2
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B1.3 Lines Data

R1 X1 B1 RO X0 B0
Node A Node B L:l?ngl;h (ohm/km) (ohm/km) (microS/km) (ohm/km) (ohm/km) (microS/km)
632 645 0.152 0.507 0.465 2.128 0.635 0.750 1.569
632 633 0.152 0.368 0.472 4.237 0.658 1.286 1.657
633 634 0.000 0.000 0.000 0.000 0.000 0.000 0.000
645 646 0.091 0.507 0.465 2.128 0.635 0.750 1.569
650 632 0.610 0.116 0.371 4.535 0.406 1.185 2.051
684 652 0.244 0.278 0.106 18.432 0.278 0.106 18.432
632 671 0.610 0.116 0.371 4.535 0.406 1.185 2.051
671 684 0.091 0.507 0.465 2.128 0.635 0.750 1.569
671 680 0.305 0.116 0.371 4.535 0.406 1.185 2.051
671 692 0.000 0.000 0.000 0.000 0.000 0.000 0.000
684 611 0.091 0.275 0.279 0.936 0.275 0.279 0.936
692 675 0.152 0.303 0.258 60.204 0.877 0.290 60.204
B1.4 Distances between each bus and the grid
Bus 650 632 633 634 645 646 671 692 675 684 611 652 680
Distance (km) | 0-000 | 0.610 [ 0.762 | 0.762 | 0.762 | 0853 | 1219 | 1219 | 1372 | 1311 | 1402 | 1554 | 1.524




B2. IEEE 37 Bus Distribution System
B2.1 Bus Data and Load Flow Results

Terminal Voltage Generation Load
Bus No. | Magnitude | Angle Active | Reactive | Active | Reactive
(p-u.) (deg) (MW) (MVAr) (MW) (MVAr)

701 0.970 -1.65 0.00 0.00 0.63 0.315
702 0.963 -1.81 0.00 0.00 0.00 0.00
703 0.957 -1.94 0.00 0.00 0.00 0.00
704 0.959 -1.82 0.00 0.00 0.00 0.00
705 0.962 -1.80 0.00 0.00 0.00 0.00
706 0.957 -1.83 0.00 0.00 0.00 0.00
707 0.954 -1.80 0.00 0.00 0.00 0.00
708 0.949 -1.97 0.00 0.00 0.00 0.00
709 0.951 -1.96 0.00 0.00 0.00 0.00
710 0.943 -1.98 0.00 0.00 0.00 0.00
711 0.940 -2.01 0.00 0.00 0.00 0.00
712 0.962 -1.79 0.00 0.00 0.085 0.04
713 0.961 -1.81 0.00 0.00 0.085 0.04
714 0.959 -1.82 0.00 0.00 0.038 0.018
718 0.958 -1.82 0.00 0.00 0.085 0.04
720 0.957 -1.83 0.00 0.00 0.085 0.04
722 0.953 -1.80 0.00 0.00 0.161 0.08
724 0.953 -1.80 0.00 0.00 0.042 0.021
725 0.956 -1.83 0.00 0.00 0.042 0.021
727 0.956 -1.93 0.00 0.00 0.042 0.021
728 0.955 -1.93 0.00 0.00 0.126 0.063
729 0.955 -1.93 0.00 0.00 0.042 0.021
730 0.952 -1.96 0.00 0.00 0.085 0.04
731 0.950 -1.97 0.00 0.00 0.085 0.04
732 0.949 -1.97 0.00 0.00 0.042 0.021
733 0.947 -1.98 0.00 0.00 0.085 0.04
734 0.944 -1.99 0.00 0.00 0.042 0.021
735 0.943 -1.98 0.00 0.00 0.085 0.04
736 0.942 -1.97 0.00 0.00 0.042 0.021
737 0.942 -2.00 0.00 0.00 0.14 0.07
738 0.941 -2.00 0.00 0.00 0.126 0.062
740 0.940 -2.00 0.00 0.00 0.085 0.04
741 0.940 -2.01 0.00 0.00 0.042 0.021
742 0.961 -1.79 0.00 0.00 0.093 0.044
744 0.955 -1.93 0.00 0.00 0.042 0.021
775 0.950 -1.98 0.00 0.00 0.00 0.00
799 0.984 -1.37 0.00 0.00 0.00 0.00

B 1.000 0.00 2.54 1.34 0.00 0.00
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B2.2 Transformers Data

Transformer B]e;lzzin MVA | kV-high kV-low R-% | X-%

Substation | © 7'V | 25 | 230-D 48-D 2 8
XFM -1 709-775 0.5 48 -D 048 -D 0.09 1.81
B2.3 Lines Data

Node A | Node B L:l:lrrgl;h (ohrljl}km) (ohr);/lkm) (micrlz;/km) (ohrl:?km) (ohr)f)?km) (micrl:g/km)
701 702 | 0.293 0.197 0.205 79.430 0.476 0.126 79.430
702 705 | 0.122 0.987 0317 37.437 1.940 0.789 37.437
702 713 | 0.110 0.509 0.290 46.504 1.399 0.647 46.504
702 703 | 0.402 0.197 0.205 0.000 0.476 0.126 0.000
703 727 | 0.073 0.987 0317 37.437 1.940 0.789 37.437
703 730 | 0.183 0.509 0.290 46.504 1.399 0.647 46.504
704 714 | 0.024 0.987 0317 37.437 1.940 0.789 37.437
704 720 | 0.244 0.509 0.290 46.504 1.399 0.647 46.504
705 742 | 0.098 0.987 0317 37.437 1.940 0.789 37.437
705 712 | 0.073 0.987 0317 37.437 1.940 0.789 37.437




60€

Node A | Node B Length R1 X1 B1 RO X0 B0
(km) (ohm/km) | (ohm/km) | (microS/km) | (ohm/km) | (ohm/km) | (microS/km)
706 725 0.085 0.987 0.317 37.437 1.940 0.789 37.437
707 724 0.232 0.987 0.317 37.437 1.940 0.789 37.437
707 722 0.037 0.987 0.317 37.437 1.940 0.789 37.437
708 733 0.098 0.509 0.290 46.504 1.399 0.647 46.504
708 732 0.098 0.987 0.317 37.437 1.940 0.789 37.437
709 731 0.183 0.509 0.290 46.504 1.399 0.647 46.504
709 708 0.098 0.509 0.290 46.504 1.399 0.647 46.504
710 735 0.061 0.987 0.317 37.437 1.940 0.789 37.437
710 736 0.390 0.987 0.317 37.437 1.940 0.789 37.437
711 741 0.122 0.509 0.290 46.504 1.399 0.647 46.504
711 740 0.061 0.987 0.317 37.437 1.940 0.789 37.437
713 704 0.158 0.509 0.290 46.504 1.399 0.647 46.504
714 718 0.158 0.987 0.317 37.437 1.940 0.789 37.437
720 707 0.280 0.987 0.317 37.437 1.940 0.789 37.437
720 706 0.183 0.509 0.290 46.504 1.399 0.647 46.504
727 744 0.085 0.509 0.290 46.504 1.399 0.647 46.504
730 709 0.061 0.509 0.290 46.504 1.399 0.647 46.504
733 734 0.171 0.509 0.290 46.504 1.399 0.647 46.504
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Node A | Node B Length R1 X1 B1 RO X0 B0
(km) (ohm/km) | (ohm/km) | (microS/km) | (ohm/km) | (ohm/km) | (microS/km)
734 737 0.195 0.509 0.290 46.504 1.399 0.647 46.504
734 710 0.158 0.987 0.317 37.437 1.940 0.789 37.437
737 738 0.122 0.509 0.290 46.504 1.399 0.647 46.504
738 711 0.122 0.509 0.290 46.504 1.399 0.647 46.504
744 728 0.061 0.987 0.317 37.437 1.940 0.789 37.437
744 729 0.085 0.987 0.317 37.437 1.940 0.789 37.437
775 709 0.000 0.000 0.000 0.000 0.000 0.000 0.000
799 701 0.564 0.141 0.145 99.290 0.737 0.220 99.290

B2.4 Distances between each bus and the grid

Bus 799 | 701 | 702 | 703 | 704 | 705 | 706 | 707 | 708 | 709 | 710 | 711 | 712 | 713 | 714 | 718 | 720 | 724 | 725

Distance (km) | 000 | 0.56 | 0.86 | 1.26 | 1.12 | 0.98 | 1.55 | 1.65 | 1.60 | 1.50 | 2.03 | 2.31 | 1.05 | 0.97 | 1.15 | 1.31 | 1.37 | 1.88 | 1.64

Bus 742 | 727 | 744 | 728 | 729 | 730 | 731 | 732 | 733 | 734 | 735 | 736 | 737 | 738 | 740 | 741 | 775 722

Distance (km) | 108 | 133 | 1.42 | 148 | 1.50 | 144 | 1.69 | 1.70 | 1.70 | 1.87 | 2.09 | 2.42 | 2.06 | 2.19 | 2.37 | 2.43 | 1.50 1.69




B3. IEEE 123 Bus Distribution System

B3.1 Bus Data and Load Flow Results

Terminal Voltage Generation Load
Bus No. Magnitude Angle Active Reactive Active Reactive
(p-u.) (deg) MW) (MVAr) MW) (MVAr)

1 0.973 28.42 0.00 0.00 0.04 0.02
10 0.959 27.90 0.00 0.00 0.02 0.01
100 0.921 26.25 0.00 0.00 0.04 0.02
101 0.921 26.25 0.00 0.00 0.00 0.00
102 0.920 26.25 0.00 0.00 0.02 0.01
103 0.920 26.24 0.00 0.00 0.04 0.02
104 0.920 26.24 0.00 0.00 0.04 0.02
105 0.920 26.23 0.00 0.00 0.00 0.00
106 0.920 26.23 0.00 0.00 0.04 0.02
107 0.920 26.22 0.00 0.00 0.04 0.02
108 0.920 26.21 0.00 0.00 0.00 0.00
109 0.919 26.20 0.00 0.00 0.04 0.02
11 0.959 27.90 0.00 0.00 0.04 0.02
110 0.919 26.20 0.00 0.00 0.00 0.00
111 0.919 26.20 0.00 0.00 0.02 0.01
112 0.919 26.20 0.00 0.00 0.02 0.01
113 0.919 26.19 0.00 0.00 0.04 0.02
114 0.919 26.19 0.00 0.00 0.02 0.01
12 0.960 27.91 0.00 0.00 0.02 0.01
13 0.952 27.61 0.00 0.00 0.00 0.00
14 0.960 27.90 0.00 0.00 0.00 0.00
15 0.952 27.61 0.00 0.00 0.00 0.00
150 0.984 28.84 0.00 0.00 0.00 0.00
151 0.944 27.31 0.00 0.00 0.00 0.00
16 0.952 27.60 0.00 0.00 0.04 0.02
17 0.952 27.60 0.00 0.00 0.02 0.01
18 0.952 27.58 0.00 0.00 0.00 0.00
19 0.952 27.58 0.00 0.00 0.04 0.02

2 0.973 28.42 0.00 0.00 0.02 0.01
20 0.951 27.57 0.00 0.00 0.04 0.02
21 0.951 27.55 0.00 0.00 0.00 0.00
22 0.951 27.55 0.00 0.00 0.04 0.02
23 0.951 27.53 0.00 0.00 0.00 0.00
24 0.950 27.50 0.00 0.00 0.04 0.02
25 0.950 27.51 0.00 0.00 0.00 0.00
250 0.950 27.49 0.00 0.00 0.00 0.00
26 0.950 27.51 0.00 0.00 0.00 0.00
27 0.950 27.50 0.00 0.00 0.00 0.00
28 0.950 27.51 0.00 0.00 0.04 0.02
29 0.950 27.50 0.00 0.00 0.04 0.02

3 0.973 28.42 0.00 0.00 0.00 0.00
30 0.950 27.49 0.00 0.00 0.04 0.02
300 0.920 26.21 0.00 0.00 0.00 0.00
31 0.950 27.50 0.00 0.00 0.02 0.01
32 0.950 27.50 0.00 0.00 0.02 0.01
33 0.950 27.50 0.00 0.00 0.04 0.02
34 0.952 27.61 0.00 0.00 0.04 0.02
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Terminal Voltage Generation Load
Bus No. Magnitude Angle Active Reactive Active Reactive
(pu.) (deg) (MW) (MVAr) (MW) (MVAr)

35 0.949 27.49 0.00 0.00 0.04 0.02
36 0.949 27.48 0.00 0.00 0.00 0.00
37 0.949 27.48 0.00 0.00 0.04 0.02
38 0.947 27.53 0.00 0.00 0.02 0.01
39 0.947 27.53 0.00 0.00 0.02 0.01

4 0.973 28.41 0.00 0.00 0.04 0.02
40 0.948 27.45 0.00 0.00 0.00 0.00
41 0.948 27.45 0.00 0.00 0.02 0.01
42 0.947 27.40 0.00 0.00 0.02 0.01
43 0.947 27.40 0.00 0.00 0.04 0.02
44 0.946 27.37 0.00 0.00 0.00 0.00
45 0.946 27.37 0.00 0.00 0.02 0.01
450 0.921 26.25 0.00 0.00 0.00 0.00
46 0.946 27.37 0.00 0.00 0.02 0.01
47 0.945 27.33 0.00 0.00 0.105 0.075
48 0.945 27.32 0.00 0.00 0.21 0.15
49 0.944 27.31 0.00 0.00 0.14 0.095

5 0.973 28.41 0.00 0.00 0.02 0.01
50 0.944 27.31 0.00 0.00 0.04 0.02
51 0.944 27.31 0.00 0.00 0.02 0.01
52 0.946 27.35 0.00 0.00 0.04 0.02
53 0.943 27.23 0.00 0.00 0.04 0.02
54 0.941 27.15 0.00 0.00 0.00 0.00
55 0.941 27.15 0.00 0.00 0.02 0.01
56 0.941 27.15 0.00 0.00 0.02 0.01
57 0.936 26.94 0.00 0.00 0.00 0.00
58 0.936 26.94 0.00 0.00 0.02 0.01
59 0.936 26.94 0.00 0.00 0.02 0.01

6 0.972 28.41 0.00 0.00 0.04 0.02
60 0.926 26.49 0.00 0.00 0.02 0.01
61 0.926 26.49 0.00 0.00 0.00 0.00
610 0.926 26.48 0.00 0.00 0.00 0.00
62 0.924 26.49 0.00 0.00 0.04 0.02
63 0.924 26.50 0.00 0.00 0.04 0.02
64 0.922 26.50 0.00 0.00 0.075 0.035
65 0.921 26.51 0.00 0.00 0.14 0.10
66 0.920 26.51 0.00 0.00 0.075 0.035
67 0.922 26.32 0.00 0.00 0.00 0.00
68 0.922 26.31 0.00 0.00 0.02 0.01
69 0.922 26.31 0.00 0.00 0.04 0.02

7 0.965 28.11 0.00 0.00 0.02 0.01
70 0.921 26.30 0.00 0.00 0.02 0.01
71 0.921 26.30 0.00 0.00 0.04 0.02
72 0.920 26.24 0.00 0.00 0.00 0.00
73 0.920 26.23 0.00 0.00 0.04 0.02
74 0.920 26.23 0.00 0.00 0.04 0.02
75 0.920 26.22 0.00 0.00 0.04 0.02
76 0.919 26.19 0.00 0.00 0.245 0.18
77 0.918 26.15 0.00 0.00 0.04 0.02
78 0.918 26.15 0.00 0.00 0.00 0.00
79 0.918 26.14 0.00 0.00 0.04 0.02

8 0.960 2791 0.00 0.00 0.00 0.00
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Terminal Voltage Generation Load
Bus No. Magnitude Angle Active Reactive Active Reactive
(p-u.) (deg) MW) (MVAr) MW) (MVAr)
80 0918 26.12 0.00 0.00 0.04 0.02
81 0917 26.10 0.00 0.00 0.00 0.00
82 0917 26.09 0.00 0.00 0.04 0.02
83 0917 26.09 0.00 0.00 0.02 0.01
84 0917 26.09 0.00 0.00 0.02 0.01
85 0917 26.09 0.00 0.00 0.04 0.02
86 0918 26.12 0.00 0.00 0.02 0.01
87 0917 26.08 0.00 0.00 0.04 0.02
88 0917 26.08 0.00 0.00 0.04 0.02
89 0.916 26.07 0.00 0.00 0.00 0.00
9 0.960 2791 0.00 0.00 0.04 0.02
90 0.916 26.07 0.00 0.00 0.04 0.02
91 0.916 26.06 0.00 0.00 0.00 0.00
92 0.916 26.06 0.00 0.00 0.04 0.02
93 0.916 26.05 0.00 0.00 0.00 0.00
94 0.916 26.05 0.00 0.00 0.04 0.02
95 0.916 26.05 0.00 0.00 0.02 0.01
96 0.916 26.05 0.00 0.00 0.02 0.01
97 0.921 26.28 0.00 0.00 0.00 0.00
98 0.921 26.27 0.00 0.00 0.04 0.02
99 0.921 26.25 0.00 0.00 0.04 0.02
B 1.000 0.00 3.63 2.27 0.00 0.00
B3.2 Transformers Data
Transformer Ble;tl::z:n MVA | kV-high kV-low R-% | X-%
Substation | © V1V s | 15.p [ 416-Grw | 8
XFM -1 61-610 0.15 4.16-D 0.48 -D 1.27 2.72
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B3.3 Lines Data

Node A | Node B | LEn8th R1 X1 Bl — . B0
(km) | ohm/km) | (ohm/km) | (microS/km) | (ohm/km) | (ohm/km) | (microS/km)
1 2 0.053 1 0275 0.279 0.936 0.275 0.279 0.936
1 3 0.076 1 0275 0.279 0.936 0.275 0.279 0.936
1 7 0.091 1 9,190 0.390 2.767 0.481 1.204 5.063
3 4| 0061 19575 0.279 0.936 0.275 0.279 0.936
3 5 0.099 0.275 0.279 0.936 0.275 0.279 0.936
5 6 0.076 1 0275 0.279 0.936 0.275 0279 0.936
7 8 | 00611 499 0.390 2.767 0.481 1.204 5.063
8 12 0.069 0.275 0.279 0.936 0.275 0.279 0.936
8 9 | 0069 1 9575 0.279 0.936 0.275 0.279 0.936
8 131 0.091 1 190 0.390 2.767 0.481 1.204 5.063
9 14 0130 075 0.279 0.936 0.275 0.279 0.936
13 34 0.046 0.275 0.279 0.936 0.275 0.279 0.936
13 18 1 02511 190 0.390 2.767 0.481 1204 5.063
14 I 0076 | 275 0.279 0.936 0.275 0279 0.936
14 101 0076 | 275 0.279 0.936 0.275 0279 0.936
15 16 | 0.114 0.275 0.279 0.936 0.275 0.279 0.936
15 17 0.107 0.275 0.279 0.936 0.275 0.279 0.936
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Length

Node A | Node B R1 X1 B1 RO X0 B0
(km) (ohm/km) | (ohm/km) (microS/km) (ohm/km) | (ohm/km) | (microS/km)
18 19 0.076 0.275 0.279 0.936 0.275 0.279 0.936
18 2B 0.091 0.190 0.390 2.767 0.481 1.204 5.063
19 20 | 0.0 0.275 0.279 0.936 0.275 0.279 0.936
21 22 0.160 0.275 0.279 0.936 0.275 0.279 0.936
21 23 0.076 0.190 0.390 2.767 0.481 1.204 5.063
23 241 0.168 1 575 0.279 0.936 0.275 0.279 0.936
23 25 | 0084 1 90 0.390 2.767 0.481 1.204 5.063
25 26 0.107 0.159 0.364 1.912 0.254 0.603 2.567
25 28 | 0061 | 90 0.390 2.767 0.481 1.204 5.063
26 27 | 0.084 0.159 0.364 1.912 0.254 0.603 2.567
26 31 0.069 0.275 0.279 0.936 0.275 0.279 0.936
27 33 1 0152 575 0.279 0.936 0.275 0279 0.936
28 295 0.091 0.190 0.390 2.767 0.481 1.204 5.063
29 301 0107 1 190 0.390 2.767 0.481 1.204 5.063
30 250 | 0.061 0.190 0.390 2767 0.481 1.204 5.063
31 32 0.091 0.275 0.279 0.936 0.275 0.279 0.936
34 15 0030 o275 0.279 0.936 0.275 0.279 0.936
35 36| 0198 1 59 0.364 1.912 0.254 0.603 2.567
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Length

Node A | Node B R1 X1 Bl RO 4 BO
(km) (ohm/km) | (ohm/km) (microS/km) (ohm/km) | (ohm/km) (microS/km)
35 40| 0076 | 90 0.390 2.767 0.481 1.204 5.063
36 37 0.091 0.275 0.279 0.936 0.275 0.279 0.936
36 38 1 0076 | (275 0.279 0.936 0275 0279 0.936
38 39 1 0.0% 0.275 0.279 0.936 0.275 0.279 0.936
40 4L 009 | 375 0.279 0.936 0275 0279 0.936
40 42 | 0076 | 190 0.390 2.767 0.481 1.204 5.063
42 43 0152 0075 0.279 0.936 0.275 0.279 0.936
42 44 | 0061 | 90 0.390 2.767 0.481 1.204 5.063
44 45 0.061 ) g a75 0.279 0.936 0.275 0.279 0.936
44 47 0.076 0.190 0.390 2.767 0.481 1.204 5.063
45 468 0.091 0.275 0.279 0.936 0275 0279 0.936
47 48 0.046 0.190 0.390 2.767 0.481 1.204 5.063
47 491 0076 1 190 0.390 2.767 0.481 1.204 5.063
49 501 0076 1 190 0.390 2.767 0.481 1.204 5.063
50 5L 0076 1 190 0.390 2.767 0.481 1.204 5.063
51 151 | 0.152 1 99 0.390 2767 0.481 1.204 5.063
52 53| 0061 1 190 0.390 2.767 0.481 1.204 5.063
53 54 0038 9190 0.390 2.767 0.481 1204 5.063
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Length

Node A | Node B R1 X1 B1 RO X0 B0
(km) (ohm/km) | (ohm/km) (microS/km) (ohm/km) | (ohm/km) | (microS/km)
54 55| 0084 1 90 0.390 2.767 0.481 1.204 5.063
54 ST 0107 1 190 0.390 2.767 0.481 1.204 5.063
55 56 | 0.084 0.190 0.390 2.767 0.481 1.204 5.063
57 58 1 0076 | (275 0.279 0.936 0275 0279 0.936
57 60 | 0229 1 90 0.390 2.767 0.481 1.204 5.063
58 59 0.076 0.275 0.279 0.936 0.275 0.279 0.936
60 61 | 0168 | 99 0.390 2.767 0.481 1.204 5.063
60 62 | 0076 | 630 0.300 41.771 1.582 0.779 41.771
62 63 | 0.053 0.630 0.300 41.771 1.582 0.779 41.771
63 64 | 0107 1 o630 0.300 41.771 1.582 0.779 41.771
64 65 | 0130 1 o630 0.300 41.771 1.582 0.779 41.771
65 66 | 0.09 0.630 0.300 41.771 1.582 0.779 41.771
67 68 | 0.061 0.275 0.279 0.936 0.275 0.279 0.936
67 721 0084 1 90 0.390 2767 0.481 1.204 5.063
67 97 | 0076 | 190 0.390 2.767 0.481 1.204 5.063
68 69 0.084 0.275 0.279 0.936 0.275 0.279 0.936
69 70 0.099 0.275 0.279 0.936 0.275 0.279 0.936
70 71 | 0.084 0275 0.279 0.936 0275 0.279 0.936
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Length

Node A | Node B R1 X1 Bl RO 4 BO
(km) (ohm/km) | (ohm/km) (microS/km) (ohm/km) | (ohm/km) | (microS/km)
72 73 0.084 0.275 0.279 0.936 0.275 0.279 0.936
72 76| 0.061 0.190 0.390 2.767 0.481 1.204 5.063
73 74 0107 1 o975 0.279 0.936 0275 0279 0.936
74 5 002 1 go7s 0.279 0.936 0.275 0279 0.936
76 77 01220 5190 0.390 2.767 0.481 1.204 5.063
76 86 | 0213 | 190 0.390 2.767 0.481 1.204 5.063
77 78 | 0030 1 o190 0.390 2.767 0.481 1.204 5.063
78 79 | 0069 | 190 0.390 2.767 0.481 1.204 5.063
78 80 | 0.145 0.190 0.390 2767 0.481 1.204 5.063
80 81 | 0.145 0.190 0.390 2.767 0.481 1.204 5.063
81 82 | 0.076 0.190 0.390 2.767 0.481 1.204 5.063
81 84 | 0.206 0.275 0.279 0.936 0.275 0.279 0.936
82 83 | 0076 1 190 0.390 2.767 0.481 1.204 5.063
84 85 0.145 0.275 0.279 0.936 0.275 0.279 0.936
86 87 | 0137 1 190 0.390 2.767 0.481 1.204 5.063
87 88 0.053 0.275 0.279 0.936 0.275 0.279 0.936
87 89 | 0084 1 90 0.390 2767 0.481 1.204 5.063
89 90 | 0069 | 275 0.279 0.936 0.275 0.279 0.936
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Length

Node A | Node B R1 X1 B1 RO X0 B0
(km) (ohm/km) | (ohm/km) (microS/km) (ohm/km) | (ohm/km) | (microS/km)
89 91 | 0069 | 190 0.390 2.767 0.481 1.204 5.063
91 928 0.091 0.275 0.279 0.936 0275 0279 0.936
91 93 | 0069 | 190 0.390 2.767 0.481 1.204 5.063
93 94 | 0084 1 (575 0.279 0.936 0275 0279 0.936
93 95 | 0.091 0.190 0.390 2.767 0.481 1.204 5.063
95 96 0.061 0.275 0.279 0.936 0.275 0.279 0.936
97 98 | 0084 1 90 0.390 2767 0.481 1.204 5.063
98 99 | 0168 | 190 0.390 2.767 0.481 1.204 5.063
99 100 0.091 0.190 0.390 2767 0.481 1.204 5.063
100 450 | 0244 1 9190 0.390 2.767 0.481 1.204 5.063
101 102 0.069 | 575 0.279 0.936 0275 0279 0.936
101 1051 0084 1 190 0.390 2.767 0.481 1.204 5.063
102 1031 0.099 1 575 0.279 0.936 0275 0279 0.936
103 104 1 0213 1 575 0.279 0.936 0.275 0279 0.936
105 1061 0069 | 575 0.279 0.936 0.275 0279 0.936
105 108 | 0.099 1 99 0.390 2767 0.481 1.204 5.063
106 1071 0175 | 0275 0.279 0.936 0.275 0279 0.936
108 1091 0.137 | 575 0.279 0.936 0.275 0279 0.936
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Length

Node A | Node B R1 X1 B1 RO X0 B0
(km) (ohm/km) | (ohm/km) (microS/km) (ohm/km) | (ohm/km) | (microS/km)
108 300 | 0.305 0.190 0.390 2767 0.481 1.204 5.063
109 110 | 0.091 0.275 0.279 0.936 0.275 0.279 0.936
110 1t 0.175 0.275 0.279 0.936 0.275 0.279 0.936
110 1z | 0038 0.275 0.279 0.936 0.275 0.279 0.936
112 H3 ) 0.160 1 575 0.279 0.936 0275 0279 0.936
13 H4 1 009 | 575 0.279 0.936 0.275 0279 0.936
135 351 0.4 o990 0.390 2767 0.481 1.204 5.063
149 1 0.122 1 9,190 0.390 2.767 0.481 1.204 5.063
152 521 01221 4490 0.390 2767 0.481 1.204 5.063
160 67 0.107 0.190 0.390 2.767 0.481 1.204 5.063
197 101 0.076 1 ¢ 199 0.390 2.767 0.481 1.204 5.063
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B3.4 Distances between each bus and the grid

Bus 150 | 149 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Distance (km) | (.000 | 0.000 | 0.122 | 0.175 | 0.198 | 0.259 | 0.297 | 0.373 | 0.213 | 0.274 | 0.343 | 0.549 | 0.549 | 0.343 | 0.366 | 0.472

Bus 34 15 17 16 18 19 20 21 22 23 24 25 26 27 28 29
Distance (km) | (411 | 0.442 | 0.549 | 0.556 | 0.617 | 0.693 | 0.792 | 0.709 | 0.869 | 0.785 | 0.953 | 0.869 | 0.975 | 1.059 | 0.930 | 1.021

Bus 30 32 31 33 250 | 251 | 135 35 36 37 38 39 40 41 42 43
Distance (km) | 1128 | 1.135 | 1.044 | 1.212 | 1.189 | 1.189 | 0.617 | 0.732 | 0.930 | 1.021 | 1.006 | 1.105 | 0.808 | 0.907 | 0.884 | 1.036

Bus 44 45 46 47 48 49 50 51 151 | 152 52 53 54 55 56 57
Distance (km) | (945 | 1.006 | 1.097 | 1.021 | 1.067 | 1.097 | 1.173 | 1.250 | 1.402 | 0.366 | 0.488 | 0.549 | 0.587 | 0.671 | 0.754 | 0.693

Bus 58 59 60 61 610 62 63 64 65 66 160 67 68 69 70 7
Distance (km) | (770 | 0.846 | 0.922 | 1.090 | 1.090 | 0.998 | 1.052 | 1.158 | 1.288 | 1.387 | 0.922 | 1.029 | 1.090 | 1.173 | 1.242 | 1.356

Bus 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87
Distance (km) | 1113 | 1.196 | 1.303 | 1.425 | 1.173 | 1.295 | 1.326 | 1.394 | 1.471 | 1.615 | 1.692 | 1.768 | 1.821 | 1.966 | 1.387 | 1.524

Bus 88 89 90 91 92 93 94 95 96 195 97 98 99 100 | 450 | 451
Distance (km) | | 577 | 1.608 | 1.676 | 1.676 | 1.768 | 1.745 | 1.829 | 1.836 | 1.897 | 1.836 | 1.105 | 1.189 | 1.356 | 1.448 | 1.692 | 1.692

Bus 101 | 102 | 103 | 104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112 | 113 | 114 | 300 | 350 | 197
Distance (km) | 1181 | 1.250 | 1.349 | 1.562 | 1.265 | 1.334 | 1.509 | 1.364 | 1.501 | 1.593 | 1.768 | 1.631 | 1.791 | 1.890 | 1.669 | 1.669 | 1.105
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Appendix C: Conventional Distributed Generation (CDG) Data

C1. Synchronous generator parameter (salient pole rotor)

Nominal Power Sn | Line to Line Voltage | Frequency Reactances (p.u.)

(MVA) ViLms (kV) fu (hz) Xd Xd’ Xd” Xq Xq’ Xq”

2.5 11 50 1.305 0.296 0.252 0.474 0.243 0.18
Stator Resistance Inertia Coefficient No. of Time Constants (s)
Rgt (p.u.) H (s) Pole-pairs Td’ Td” Tq”
0.003 2.5 1 1.01 0.053 0.051266
C2. Automatic Voltage Regulator (AVR) C3. CDG Governor (Diesel Engine Governor)

AVR Type Type IEEEX1 Governor Type Type DEGOV1
Low-pass-filter time constant (s) Tr 0.005 Regulator gain K 30
Regulator gain Ka 500 T1 0.002
Regulator time constant (s) Ta 0.001 Regulator time constants (s) T2 0.003
Exciter gain Ke 1 T3 0.005
Exciter time constant (s) Te 0.6 T4 0.1

] ] . Th 0.8 Actuator time constants (s) T5 0.01
Transient gain reduction (s) Te 1 T6 0.02
Damping filter gain Kf 0.005 4ql Tmin -0.05
Damping filter time constant (s) Tf 0.7 Torque limits (p.u.) Tmax 1
Regulator minimum output limit (p.u.) Vmin -5 Engine delay time (s) Td 0.001
Regulator maximum output limit (p.u.) Vmax 5 Droop (p.u.) 0.006




Appendix D: Renewable Energy Generating Units Modelling

Parameters

D1. Three phase two stage transformerless PV grid connected system
Design circuit parameters and design specification

PV array rated power 850 W
PV modules SHELL Ultra-80-P
PV modules number 10

Short circuit current 554 A
Open circuit voltage 222V
Current at Pmax 495 A
Voltage at Pmax 172V
Smoothing capacitor, C 4 mF
Boost inductor, L 0.3 mH
DC output voltage, V. 350 V
Switching frequency, fs 4000 Hz

Hill climbing MPPT codes

function A =hill climbingl (u)
p=u(l);pl=u(2);D=u(3);Dl=u(4);
dp=p-pl;
db= (D-D1) ;
c=0.00035;
e=0.000001;
if D<=0
i=0.35;
elseif D>=0.9
i=0.9;
else
if dp > e
if dD > e
i=D+c;
else
i=D-c;
end

elseif dp<e
if db>e
i=D-c;
else
i=D+c;
end
else
i=D;
end
end
[A] = 1 >
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D2. DFIG modelling parameters
Generator parameters

0.685 3 2.9 0.016 0.16

Control parameters

D3. Synchronous generator with fully rated converter modelling parameters
Generator parameters

| Salientpole | 730 | 50 | 1305 | 0.296 | 0.252 | 0.474 | 0.243 | 0.18 |

0.006 0.62 1 4.49 0.0681 0.0513
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Control parameters
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